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Abstract

Feasibility of Hydrogen Peroxide Production from Wastewater Treatment Using
Bioelectrochemical Systems
Chenjie Wu

Recent developments of bioelectrochemical systems (BESs) have shown promising
advancements in applying these innovative technologies for municipal wastewater treatment.
These systems promise several distinct energy and environmental benefits over the existing
activated sludge processes including electricity conservation and production, less biological
sludge production, significant reduction in greenhouse gas emission, and potential useful
chemical production from wastewater treatment. The goal of this research is to evaluate the
feasibility of using a two-chambered BES to generate an environmental friendly oxidizer,
hydrogen peroxide, from wastewater treatment. Five research objectives were proposed to
achieve the research goal by filling several identified knowledge gaps: 1) determine optimal
conditions for H2O2 production with the graphite felt electrode material using electrolysis tests;
2) analyze anode biofilm to evaluate its electrochemical properties; 3) quantify H2O2 production
and organics removal from wastewater treatment using a two-chambered BES and to identify
rate limiting factors; 4) characterize microbial ecology of the anode biofilm and its relationships
with current and H2O2 production; and 5) optimize the BES performance through potential
control.
Our research demonstrated that electroconductive biofilm was successfully developed
using wastewater and acid mine drainage as the inoculation source. Such biomass was
successfully used as biocatalysts to achieve the treatment purpose of COD removal and H2O2
production under operating conditions investigated.
The optimal potential for hydrogen peroxide production on the graphite electrode was
found at -0.5 V (vs Ag/AgCl) using electrolysis tests. Hydrogen peroxide concentration
increased fairly linearly with time when pH was stable around 7. The concentration of H2O2
decreased when pH started to increase. The results suggested that H2O2 decomposition rate
exceeds its production rate as the pH reaches 12 given the BES settings in this study.
The biofilms were gradually established with time. The qPCR analysis showed that
sulfate reducing bacteria constituted approximately 40% of the total microbial population after
30 days of enrichment. A decrease in charge transfer resistance with time indicates that the
establishment of the conductive biofilm could contribute to the improvement of the kinetics of
electrochemical reactions. Different redox potentials were found through CV scans on anode
with biofilm formation which may indicate temporal evolution of biofilm reactions at the anode
and shift in microbial metabolic functions over time.

The highest production of hydrogen peroxide in the system was 70 mg/L during a 12hour period. The removal rate of COD and sulfate could reach above 90% during a 5-day
recirculation operation. Many obstacles will need to be overcome for using a BES to produce
H2O2 for industrial uses. The main problem was the low production yield. High internal
resistance was found in our BESs with ohmic resistance 0.77 Ω/cm2, charge transfer resistance
2.77 Ω/cm2 and large diffusion resistances. The presence of sulfate in wastewater will compete
with the anode for electrons, which would sacrifice current production. Further investigation
will be needed to test our hypothesis that the rate-limiting step is the biochemical oxidation of
the organics by the microorganisms in the anode chamber.
Several species of sulfate reducing bacteria was found in the biofilm community. The
presence of sulfate reducing bacteria indicates a success development of biofilm with electron
transfer ability. The controlled potentials had significant effect on the sulfate reducing bacteria
population. When BES was operated under no potential control condition at the beginning of the
experiments, the percentage of sulfate reducing bacteria was around 38%. When poised with a
control potential at anode, the percentage of sulfate reducing bacteria increased significantly.
Potential control of the anode could improve removal efficiency of COD and sulfate.
However, hydrogen peroxide production did not increase during control potential experiments.
The best performance of BESs was observed at potential control of -0.1 V (highest current
density, high COD and sulfate removal rate, detection of hydrogen peroxide production),
indicating this anode potential favor the organics oxidation in the anode and electron flow from
the anode to cathode for H2O2 production.
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1. Introduction
1.1. Wastewater treatment

Wastewater contains a wide range of organic and inorganics materials that require
treatment before its disposal to the environment. Table 1.1 shows the typical concentrations of
selected physical, chemical, and biological constituents in domestic wastewater (Metcalf and
Eddy 1991). Wastewater treatment facilities are designed to remove a wide range of the
constituents that are considered pollutants to the environment. Common treatment units at a
wastewater treatment plant include preliminary treatment (screening, comminutor, and grit
chamber), primary clarifier (settleable materials), secondary treatment (biological systems), and
disinfection before discharge of the treated effluent to the environment. Of those, secondary
biological treatment is the process designed to remove organic matters, pathogens, and to some
degree other dissolved constituents such as nutrients. According to the microbial growth modes,
the biological processes can be classified as attached- and suspended-growth systems. Attachedgrowth or fixed-film systems include trickling filters, biotowers, rotating biological contactors,
and membrane biological reactors, where the biomass grows on surfaces of packed media and
treatment occurs as wastewater comes in contact with the biofilms. Activated sludge processes
are the most common suspended-growth system, in which biomass is fully mixed with the
sewage (USEPA, 2004). Seventy five percent (75%) of the wastewater treatment facilities in
US with flows exceeding 2 million gallons per day (MGD) utilize the activated sludge treatment
(Energy Solutions, 2009). The sludge produced from both primary and secondary treatment
units needs be treated and disposed of in a safe and effective manner. The most common
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treatment options for sludge stabilization include anaerobic digestion, aerobic digestion, and
composting (USEPA, 2009). The stabilized sludge then requires dewatering before its disposal.
Table 1.1 Typical concentrations of physical, chemical, and biological constituents in untreated
domestic wastewater (Metcalf and Eddy 1991).
Concentration
Contaminants
Solids, total (TS)
Dissolved, total (TDS)
Fixed
Volatile
Suspended solids (SS)
Fixed
Volatile
Settleable solids
BOD5 at 20° C
Total organic carbon (TOC)
Chemical oxygen demand (COD)
Nitrogen (total as N)
Organic
Free ammonia
Nitrite
Nitrate
Phosphorus (total as P)
Organic
Inorganic
Chloride
Sulfate
Alkalinity (as CaCO3)
Grease
Total coliform
Volatile organic compounds (VOCs)

Unit
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
mg L-1
CFU 100 mL-1
mg L-1

Weak
350
250
145
105
100
20
80
5
110
80
250
20
8
12
0
0
4
1
3
30
20
50
50
106-107
<100

Medium
720
500
300
200
220
55
165
10
220
160
500
40
15
25
0
0
8
3
5
50
30
100
100
107-108
100-400

Strong
1200
850
525
325
350
75
275
20
400
290
1000
85
35
50
0
0
15
5
10
100
50
200
150
108-109
>400

It was estimated that the annual energy demand for the water and wastewater industry in
the United States is approximately 75 billion kWh, which is about 4% of the total electricity
consumed by the nation (USEPA, 2010). Aerobic biological treatment is the largest energy
consuming unit at a typical wastewater treatment plant due to its aeration operation, which may
represent 30 to 60% of total plant electricity usage, followed by pumping and sludge processing
2

(PG&E, 2009). Figure 1.1 shows an example of the percentage of energy use for various
treatment units. In addition to energy consumption due to aeration, there are several significant
issues associated with the activated sludge processes. The processes produce large amounts of
biological sludge due to high yields and growth rates of aerobic microorganisms. Further
processing of the produced biomass (e.g., anaerobic digestion, dewatering, and final disposal)
adds to the energy consumption and overall cost of wastewater treatment. Aerobic degradation
of organic matters in the activated sludge process results in production and emission of CO2 to
the atmosphere, adding to the concerns for climate change and global warming. It was estimated
that CO2 emission from wastewater treatment amounts to approximately 0.4% of overall
greenhouse gas emission worldwide (USEPA, 2010).

Figure 1.1 Energy use breakdown for various wastewater treatment operations (Energy Solutions,
2009)
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1.2 Hydrogen peroxide production and applications

Hydrogen peroxide (H2O2) is a weakly acidic, colorless liquid, miscible with water in all
proportions. It is commercially available in aqueous solutions over a wide concentration range.
The main uses of hydrogen peroxide are in the preparation of other peroxides and as an oxidizing
agent (Park et al. 1998). At low concentrations, one of the possible applications of hydrogen
peroxide is to reduce the formation of disinfection by-products such as total trihalomethanes
(TTHMs) and haloacetic acids (HAA5). Concentrations for such applications can be as low as
0.5 mg/L (Mohammad 2006). Moreover, the use of hydrogen peroxide oxidation has
demonstrated efficacy for disinfection of domestic wastewater, sulfide oxidation, and Chemical
oxygen demand (COD) removal with a dose of 1.5 mL/L of 30% H2O2 (450 mg/L) (Ksibi et al.
2006). Modin and Fukushi (2012) stated that at their production yield (0.2% H2O2), it would be
practical to use for membrane cleaning in MBR treatment plants. One of the advantages of using
BES to produce H2O2 is that it can be used on site while treating wastewater. Table 1.2 listed the
most common application of hydrogen peroxide in industries.
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Table 1.2 Uses of hydrogen peroxide in industry applications (Park et al. 1998)
Industry

Application

Pulp and Paper

Bleaching wood pulp

Mining

Detoxification of cyanide tailings

Textile bleaching

Bleaching of cotton fabrics

Wool scouring

Bleaching of wool

Waste water treatment

Measuring dissolved oxygen. Destroying soluble
cyanides, sulfides and phenols

Packaging

Aseptic packaging of milk and fruit juice

The manufacturing process for H2O2 production involves catalysis of the reaction of H2
with atmospheric O2, in which anthraquinone (Q) is used as H2 carrier. Typically, the following
four steps are involved in the process (Park et al. 1998):
1. Palladium catalyses the reaction between H2 and anthraquinone to create anthrahydroquinone
(H2Q).
2. The palladium catalyst is filtered out of the solution.
3. The solution is oxidized by blowing air through the solution, forming the H2O2.
4. The hydrogen peroxide is removed in a liquid-liquid extraction column and concentrated by
vacuum distillation.
This conventional chemical process for H2O2 production requires major capital
investment, so there are relatively few manufacturers around the world. As a result, transport
costs for the chemical adds to its price, making it uneconomical to deliver in small quantities or
to remote areas (Energy Independence, 2013). Table 1.3 lists the energy used in Akzo Nobel,
one of the world’s leading industrial companies, for the production of 1,000 kg hydrogen
5

peroxide. Approximately 1-2 MWh of electricity is consumed by their system for the production.
Furthermore, the process emits 523,000 g of CO2 into the air and 2,500 g COD into water
(http://www.eka.com) which require additional treatment.
Table 1.3 Renewable and non-renewable resources used for 1,000 kg hydrogen peroxide
production at Akzo Nobel.
Without energy content
kg
With energy content
MJ
Sodium chloride
48 Hydro energy
4,000
Rock
38 Biomass
540
Bauxite
17 Wind energy
0.1
Limestone
4 Natural gas
5,550
Phosphate rock
1 Crude oil
2,910
Coal
230

1.3 Bioelectrochemical systems for wastewater treatment

Bioelectrochemical systems (BESs) represent an innovative approach for wastewater
treatment, and have received increasing research attention in recent years. In general, anode and
cathode chambers are the two essential components of a BES with each chamber containing an
electrode. In the anode, anaerobic microorganisms are employed to facilitate organics oxidation
and other metabolic functions. Electrons released from organics oxidation are intercepted by the
anode electrode through extracellular electron transfer and routed to the cathode where a
reduction reaction takes place. The most common reduction reaction at the cathode is oxygen
reduction to water. In addition to harvesting the chemical energy and no need for aeration for
biochemical oxidation of organics, BESs also have a distinct advantage of producing
substantially less biomass than the aerobic processes for achieving the same goal of wastewater
treatment. BESs hence have the potential of turning wastewater treatment into an energy
positive industry.
6

BESs are mostly operated under an ambient temperature, neutral pHs and low
concentrations of the supporting electrolytes (Zhao et al. 2006). Under those conditions, the
oxygen reduction reaction (ORR) occurring at cathode is typically slow and requires catalysts
(Zhao et al. 2006). Many research studies have sought to improve the efficiency of O2 reduction
by favoring its four-electron reduction to H2O to provide higher power output by using catalyst
and novel materials. However, given that power density of BESs is typically in the range of
mili-Watts/m2 (Logan et al. 2007), use of the devices for producing useful chemicals such as
H2O2 may prove to be more economically efficient. There are issues related to applications of
BESs for H2O2 production from wastewater treatment. First, the oxygen O-O bond can be
broken on catalyst materials such as platinum and its alloys, platinum family metals, and some
oxides (pyrochlores) which results in 4-electron ORR (Gasteiger et al. 2003). For the
applications of H2O2 production, catalysts may cause decomposition of peroxide, which is often
neglected and not investigated. Second, unlike abiotic electrochemical systems, the rate limiting
factors and processes for H2O2 production using BESs are currently not clear because of the
involvement of microbes. Third, the effects of sulfate, a ubiquitous compound in sewage, on
production of electric current and H2O2 are mostly unknown. Finally, the functionality of
microbial ecology is a key factor for BESs performance and its relationships with production of
electric current and H2O2 are currently not well understood. Nevertheless, optima set anode
potential defined as higher current densities and more rapid start-up vary in BES for differing
redox potentials of the various cytochromes; different mechanisms for transferring electrons
from the cell to the anode; and variability in the effectiveness of electron transfer from cells to
different anodes materials. Potential effects on BES using combined acid mine drainage and
wastewater sludge as inoculation source are studied as well.
7

1.4 Research Objectives

The overarching goal of this research is to evaluate the feasibility of using BESs for
H2O2 production from wastewater treatment. Artificial wastewater is prepared in the lab to
mimic real wastewater using COD and sulfate as two main identify criteria. In this research, a
two-chambered BES containing graphite felt electrodes is used for H2O2 production from
treatment of wastewater with and without sulfate. The research goal is to be met by achieving
the following specific objectives:
1. To determine optimal conditions for H2O2 production with the graphite felt electrode
material using electrolysis tests.
2. To evaluate the electrochemical properties of the anode biofilms.
3. To quantify H2O2 production from wastewater treatment using a two-chambered BES and
identify the rate limiting factor.
4. To characterize the microbial ecology of the anode biofilm and its relationships with
current and H2O2 production.
5. To optimize BES performance through potential control.
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2. Literature review
2.1 Bioelectrochemical systems (BESs)

Bioelectrochemical systems (BESs) are devices in which biocatalysts are employed to
assist reactions at the electrodes (Pant at al. 2011). Compared to common fuel cell systems,
BESs are often operated under relatively mild conditions (i.e., ambient temperature, neutral pHs
and low concentrations of supporting electrolytes), and mostly do not use expensive precious
metals as catalysts (Pant et al. 2010). BESs typically consist of carbon-based anode and cathode
either separated by a cation/proton exchange membrane or without a membrane (Figure 2.1).
Anaerobic microorganisms are employed to facilitate organics oxidation and other metabolic
functions on the anode and sometimes on the cathode as well (Figure 2.2). Various organic
carbon sources can be used as substrates in BESs (Table 1). Municipal wastewater, which
contains numerous organic carbon sources, can be a source of substrates for BESs. It has been
estimated that the wastewater contains 60-120 g chemical oxygen demand (COD)/person/day,
which constitutes 2.2–4.4 x 1018 Joules/year for the world’s population of 7 billion and is
equivalent to 70–140 giga watts of continuous electrical power (Heidrich et al., 2010). This
internal chemical energy can be a substantial renewable energy source. Recent development of
electrochemical technologies has shown such potential for generation of electrical power (Liu
and Logan, 2004; Feng et al., 2008), chemicals (Fu et al., 2010; Rozendal et al., 2009), and gas
fuels such as hydrogen and methane (Wagner et al., 2010; Villano et al., 2011).
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Table 2.1 Common substrates used in BESs (Pant et al 2009).
Current density (mA/cm2)
Substrate
Concentration at maximum power
Acetate
1 g/L
0.8
Arabitol
1.2 g/L
0.68
Azo dye with glucose
0.3 g/L
0.09
Carboxymehtyl cellulose
1 g/L
0.05
Cysteine
0.385 g/L
0.02
Ethanol
10 mM
0.025
Glucuronic acid
6.7 mM
1.18
Lactate
Malt extract, yeast extract
and glucose
Phenol
Propionate
Sodium formate
Starch
Sucrose
Xytitol

Reference
Logan et al. 2007
Catal et al. 2008
Sun et al. 2009
Ren at al. 2008
Logan et al. 2005
Kim at al. 2005
Catal et al. 2008
Manohar and
0.005 Mansfeld 2009

18 mM
1%
0.4 g/L

0.067 Mohan et al. 2008
0.1 Luo et al. 2009
Oh and logan
0.035 2005
0.22 Ha et al. 2008
Niessen at al.
1.3 2004
Behera and
0.19 Ghangrekar 2009
0.71 Catal et al. 2008

0.53 mM
20 mM
10 g/L
2.67 g/L
1.2 g/L
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Figure 2.1 Overview of the concepts in BESs (Reprint from Rabaey and Rozendal, 2010)
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Figure 2.2 Reaction potentials at anode and cathode (Reprint from Rabaey and Rozendal 2010)

According to the types of applications or working principles, BESs can be categorized
into different types including microbial fuel cells (MFCs) for electricity generation (He et al.
2005, Clauwaert et al. 2007, Lovley 2008, and Pant et al. 2011, Choi and Chae 2012), microbial
electrolysis cells (MECs) for chemical production (Sakai and Yagishita 2007, Steinbusch et al.
2009, and Harnisch and Schröder 2010, Jiang et al. 2013, Van et al. 2013, Zhu et al. 2013),
microbial desalination cells (MDCs) for desalination (Jacobson et al. 2011, Manes et al. 2011,
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Kim and Logan 2013), etc. These different types of applications are reviewed in the following
sections.
2.1.1 Microbial fuel cells (MFCs)

Microbial fuel cells (MFCs) are a type of BESs used for electricity production (Rabaey
and Verstraete et al. 2005). Acetate and glucose are the two widely used substrates to simulate
real wastewater (Logan et al. 2007, Catal et al. 2008) in microbial fuel cell research. For more
complex systems, malt extract and yeast extracts were used to mimic the complexity of the
compounds in wastewater (Mohan et al. 2008).

Furthermore, researchers have tested different

types of real wastewater in their studies using MFCs (Table 2.2). Logan’s group studied the
performance of MFCs on domestic wastewater, food processing wastewater, meat processing
wastewater, and paper recycling wastewater (Oh and Logan 2005, Heilmann and Logan 2006,
Huang and Logan 2008, Liu et al. 2010). Other groups have also focused on power generation of
MFCs using wastewater as the electron donor (Feng et al. 2008, Patil et al. 2009, Wang et al.
2009). Typical current densities in MFC systems are around 0.032 ~1.2 mA/cm2 with most of
them in the lower range (Chaudhuri and Lovley 2003, Schröder et al. 2003, Liu and Logan 2004,
Min and Logan 2004). With a large electrode surface area (817~2720 m2m-3, 390 ml liquid
volume), Rabaey et al. (2005) obtained a maximum current of 32 mA. Logan et al. (2007)
achieved a current density of 0.83 mA/cm2 by using brush type electrodes.
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Table 2.2 MFC research with real wastewater
Authors and
Wastewater type
COD
year
concentration
Feng et al. 2008 Brewery
2240 mg/L
wastewater

Source inoculum
Full strength
brewery wastewater

Wang et al.
2009
Liu and Logan
2009

Domestic
wastewater
Domestic
wastewater

600 mg/L

Anaerobic sludge

200~300 mg/L

Primary clarifier
effluent

Rodrigo et al.
2007
Oh and Logan
2005

Domestic
wastewater
Food processing
wastewater

330 mg/L

Domestic
wastewater
Anaerobic sludge

Heilmann and
Logan 2006

Meat processing
wastewater

1420 mg/L

Domestic
wastewater

Huang and
Logan 2008

Paper recycling
wastewater

2452 mg/L

Liu et al. 2009

Protein rich
wastewater

1750 mg/L

Diluted paper
recycling
wastewater
Mesophilic
anaerobic sludge

Patil et al. 2009

Chocolate industry
wastewater

1459 mg/L

1672 mg/L

Activated sludge

Removal
efficiency
~85%
(4 days)

95%
(200~400 h)
86%

75%

Anode potential is an important factor in microbial fuel cells, since the potential regulates
the bacterial activities for organic oxidation. The less positive the anode potential, the less
energy per electron transferred there is available for growth and cell maintenance. As a result, a
more positive anode potential could enhance the growth rate of bacteria and result in higher
current generation. However, for maximum electrical energy output from MFC, the difference
between anode potential and the cathode potential should be as high as possible. This leads to a
trade-off between the anode potential wanted for the end user and the biocatalyst (Logan et al.
14

2006). Biocathodes have been studied extensively to avoid additional energy input and reduce
the cost of using noble metals such as platinum on the cathode for oxygen reduction. The use of
biocathodes resulted in a complete biological MFC with bacteria at both the anode and cathode.
Table 2.3 lists recent MFC studies using such an approach.
Table 2.3 Recent studies using biocathodes in MFCs (Rosenbaum et al. 2010)
Microorganism/ Mixed culture Cathode
Biocathode Terminal
material
working
electron
potential
acceptor
(vs. SHE)
Hydrogenophilicmethanogenic Carbon paper <0.650 V
H+
culture
CO2
Methanobacterimpalustre
Graphite fiber <0.500 V
CO2
brush
Hydrogenophilic mixed culture Graphite felt
<0.650 V
H+
Hydrogenophilic mixed culture Graphite felt
<0.600 V
H+
Desulfovibrio vulgaris
Glassy carbon 0.500 V
H+
Hildenborough
Hydrogenophilicdechlorinating Glassy carbon 0.450 V
H+
culture
Anaerobic sludge
Graphite felt
0.550 V
Acetate
Hydrogenophilicdechlorinating Carbon paper 0.550 V
TCE
culture
Kingellakingae staphylococcus Glassy carbon <0.460 V
O2
carnusus
rod
Hydrogenophilicdechlorinating Glassy carbon 0.450 V
TCE
culture
Shigellaflexneri
Glassy carbon <0.450 V
O2
rod
Escherichia coli
Glassy carbon <0.450 V
O2
rod
Kingelladenitrificans
Glassy carbon <0.450 V
O2
rod
Enterobacter cloacae
Glassy carbon <0.430 V
O2
rod
Micrococcus luteus
Glassy carbon <0.430 V
O2
rod
Pseudonmonasaeruginosa
Glassy carbon <0.430 V
O2
rod
Pseudomonasfluorescens
Glassy carbon <0.420 V
O2
rod
15

Standard
potential of
the electron
acceptor
-0.414 V
-0.244 V
-0.244 V
-0.414 V
-0.414 V
-0.414 V
-0.414 V
-0.433 V
+0.550 V
+0.820 V
+0.550 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V

Branhamellacatarrhalis
Bacillus subitilis
Acinetobacter sp.
Burkholderiacepaia
Brevundimonasdiminuta
Actinobacillussuccinogenes
Geobactermetallireducens
Geobactersulfurreducens
Geobactersulfurreducens
Geobactersulfurreducens
Geobacterlovleyi
Activated sludge
Anaerobic sludge
Marine biofilm
Acinetobacterjohsonii
Winogradkyellaporiferorum
Sphingobacterium sp.
Acinetobacter sp.
Acinetobactercalcoaceticus
Shewanellaputrefaciens
Phototrophic mixed culture
Anaerobic sludge
Aerobic activated sludge
Anaerobic digester effluent

Glassy carbon
rod
Glassy carbon
rod
Glassy carbon
rod
Glassy carbon
rod
Glassy carbon
rod
Graphite felt
Unpolished
graphite rod
Unpolished
graphite rod
Graphite plate
Unpolished
graphite rod
Unpolished
graphite rod
Granular
graphite
Granular
graphite
Stainless steel
Stainless steel
Stainless steel
Carbon fiber
Carbon fiber
Carbon paper
Carbon paper
Graphite felt
Manganese
treated
Graphite
brush
Graphite
plates
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<0.420 V

O2

+0.820 V

<0.420 V

O2

+0.820 V

<0.400 V

O2

+0.820 V

<0.380 V

O2

+0.820 V

<0.370 V

O2

+0.820 V

NA
0.300 V

Fumarate
NO3-

0.031
+0.433 V

0.300 V

Fumarate

0.031

0.300 V
0.300 V

Fumarate
U(VI)

0.031
0.334

0.300 V

PCE

+0.560 V

0.100 V

O2

+0.820 V

+0.000 V

NO3

+0.740 V

+0.000 V
+0.000 V
+0.000 V
+0.000 V
+0.000 V
+0.100 V
+0.200 V
+0.242 V
(+light)
+0.450 V

O2
O2
O2
O2
O2
O2
O2
CO2

+0.820 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V
+0.820 V
-0.420 V

O2

+0.820 V

+0.525 V

O2

+0.820 V

NA

Cr(VI)

+1.33 V

2.1.2 Microbial electrolysis cells (MECs)

Microbial electrolysis cells (MECs) are a type of BESs that net electrical power may be
needed for product formation or certain designed process. The design of MECs is similar to
MFCs. MECs operate under completely anaerobic conditions and therefore promote the growth
of obligate anaerobic bacteria such as exoelectrogenic Geobacter spp., as well as
nonexoelectrogenic fermentative or methanogenic microorganisms. Thus, MECs are usually
used for hydrogen/methane production. The conversion of organic compounds to hydrogen
yields a positive Gibbs free energy, which indicates that such reaction will not occur
spontaneously. An external power source is used to provide the energy required for driving the
hydrogen production reactions. Power supply units or potentiostats are common devices for
providing the required energy. Table 2.4 lists recent studies on hydrogen production using MECs.
There are two mechanisms for hydrogenotrophic methanogens reactions in an MEC:
i.

direct reduction of CO2 to methane with electrons delivered from electrodes

CO2  8H   8e   CH 4  2 H 2O

ii.

intermediate production of hydrogen, in which hydrogen is first produced at the cathode
either electrochemically or bioelectrochemically, followed by a reaction of this
hydrogen with CO2 to produce methane.

CO2  4H 2  CH 4  2H 2O
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Table 2.4 Recent studies on hydrogen production using MECs (Logan et al. 2008)
Total reactor substrate
liquid
volume (L)
0.03 acetate
6.6 acetate
0.58 wastewater
0.04 acetate

0.3 acetate
0.03 acetate

3.3 acetate

applied
voltage

H2 production
overall H2 energy
Reference
3
3
rate (m /m
yield %
input
day)
(kwh/m3)
0.45
0.37
61
1 Liu et al.
2005
0.5
0.02
53
1.9 Rozendal et
al. 2006
0.5
0.01
9.8
2.5 Ditzig et al.
2007
0.6
1.1
88
1.3 Cheng and
Logan et al.
2007
0.6
0.69
64
1.4 Hu et al.
2008
0.8
3.12
93
1.7 Call and
Logan et al.
2008
1
0.3
23
2.2 Rozendal et
al. 2007

Most MECs contain a membrane to minimize hydrogen losses to microbes and prevent
production of methane gas when mixed with carbon dioxide. MECs are a promising technology
for wastewater treatment because (i) they provide energy in the form of hydrogen gas as a
product, (ii) they can reduce solids production and in turn lower sludge handling costs, and (iii)
they can possibly limit the release of odors.
2.1.3 Other BESs

Technologies for water desalination typically require high-energy input and sometimes
operate under high pressures which are not economic efficient.

Recent studies have shown the

possibility of using BESs for desalination. Such devices are called microbial desalination cells
(MDCs). In a MDC, two membranes are commonly used to create a middle chamber between
anode and cathode for water desalination. An anion exchange membrane was placed adjacent to
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the anode, and a cation exchange membrane was positioned next to the cathode (Cao et al. 2009).
In Cao’s research, the MDC produced a maximum of 2 W/m2 while at the same time removing
about 90% of the salt in a single desalination cycle. The ohmic resistance of the MDC measured
using electrochemical impedance spectroscopy increased from 25 Ω to 970 Ω at the end of the
cycle.
Microbial solar cells (MSCs) are recently developed technologies similar to MECs. The
difference is that MSCs utilize solar energy to produce electricity or chemicals. The basic
principles of MSCs are: (i) photosynthesis; (ii) transport of organic matter to the anode chamber;
(iii) anodic oxidation of organic matters by electrochemically active bacteria; and (iv) cathodic
reduction of oxygen. Table 2.5 lists recent research on MSCs (Strik et al. 2011).

Table 2.5 Recent studies on MSCs
Operation
time
(days)

Current
density
(mA/m2)
Avg

Power
density
(mW/m2)
Avg

Coulombic
efficiency
(%)

Electron acceptor
(catalyst)

MSC category

Electron donor

Microbial community

Plant

Rhizodeposits

Bacteria

67

32

4

O2

Plant

Rhizodeposits

Bacteria

78

141

22

O2

Plant

Rhizodeposits

Bacteria

33

214

50

Ferricyanide

Plant

Rhizodeposits

Bacteria

112

10

O2 or ferricyanide

Plant

Rhizodeposits

Bacteria

154

21

O2 or ferricyanide

Plant

Rhizodeposits,
Potting soil

Desulfobulbus
Geobacteraceae

175

26

Ferricyanide or
O2 (bacteria)

Plant

Rhizodeposits
Rice paddy soil

Natronocella
Beijerinckiaceae

120

120

O2

Rhizobiales
O2 (Pt)

Plant

Rhizodeposits
Rice paddy soil

Bacteria

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism

Filamentous
Cyanophyta
Chlorophyta

8

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism

Filamentous
Cyanophyta
Chlorophyta

20

19

O2 (Pt)

O2 (Pt)

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism

Cyanophyta
Chlorophyta
Trinema Bacteria

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism

Bacteriodetes
Chlorophyta
Alphaproteobacteria
Betaproteobacteria

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism
and/or sediment

Cyanophyta
Chlorophyta
Bacteria

>20

Phototrophic
biofilm

Metabolites of
photosynthetic
microorganism
and/or sediment
Metabolites of
photosynthetic
microorganism
and/or sediment

Chlorophyta

>7

22

6

2

9

40

0.3

Ferricyanide
or O2 (bacteria)

O2 (Pt)

O2

5

O2

O2

Phototrophic
biofilm

Synechaocystis

48

18

20

7

O2 (Pt)

2.2 Anode mechanism in BESs

In the BES anode, anaerobic microorganisms are employed to facilitate organics
oxidation and other metabolic functions. Complex organic substrates may be degraded through
fermentation by fermentive microorganisms into simpler compounds which electrochemically
active bacteria can subsequently utilize as a fuel (Figure 2.3).

Figure 2.3 Simplified model for conversion of complex organic fuels to electricity (Reprinted
from Lovely 2008).

Fermentation is anaerobic catabolism in which an organic compound is both an electron
donor and an electron acceptor. Possible fermentation products are acetate, lactate, succinate,
ethanol, CO2, H2, acetone, butanol, ethanol, isopropanol, butyrate, propionate, formate, etc.
A range of common fermentation reactions and associated microorganisms are listed in Table 2.6.
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Table 2.6 Common bacterial fermentations and organisms (Madigan et al. 2012)
Type
Reaction
Organisms
Alcoholic
Hexose→2 Ethanol + 2 CO2
Yeast, Zymomnas
+
Homolactic
Hexose →2 Lactate + 2 H
Streptococcus,
some
Lactobacillus
Heterolactic
Hexose →Lactate + Ethanol + CO2 + H+
Leuconostoc,
some
Lactobacillus
Propionic acid
3 Lactate → 2 Propionate + Acetate- + CO2 Propionibacterium,
+ H2O
Clostridium propionicum
Mixed acid
Hexose → Ethanol + 2,3- Butanediol + Enteric bacteria, Escherichia,
Succinate + Lactate + Acetate + Formate + Salmonella,
Shigella,
H2 + CO2
Klebsiella, Enterobacter
Butyric acid
Hexose → Butyrate + 2 H2 + 2 CO2 + H+
Clostridium butyricum
Butanol
2 Hexose → Butanol + Acetone + 5CO2 + Clostridium acetobutyicum
4 H2
Caproate/Butyrate 6 Ethanol + 3 Acetate → 3 Butyrate + Clostridium kluyveri
Caproate + 2 H2 + 4 H2O + H+
Acetogenic
Fructose → 3 Acetate + 3 H+
Clostridium aceticum

2.2.1 Exoelectrogenic electron transfer

Exocellular electron transfers (EETs) play an important role in BESs. They are
microbially facilitated pathways of transferring electrons from the organics to the electrodes by
bacteria. There are two direct electron transfer pathways and one indirect electron transfer
pathway (Figure 2.4).
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Figure 2.4 Electron transfer mechanisms in anode
Direct electron transfer typically involves at least a series of peri plasmic and outer
membrane complexes. The c-type cytochromes (CTCs), which have been considered as one of
the most important electron transfer strategy in current generation by exoelectrogens, are
widespread heme-containing proteins in most bacteria and archaea. The c-type cytochromes play
a pivotal role in direct anodic EET over a wide range of potentials. Most studied anodic EETs
are the result of extracellular respiration of dissimilatory metal-reducing bacteria of the genera
Shewanella and Geobacter which are frequently found in the microbial community of MFCs
(Butler and Nerenberg 2010; Chae et al., 2009; Freguia et al., 2010a; Jung and Regan, 2007; Kim
et al., 2007). They are capable of transferring metabolic electrons through a chain of c-type
cytochromes across the cell envelope to extracellular electron acceptors. Recent studies
suggested that electrochemical active bacteria can adjust their redox activity to the potential of
the electron acceptor (Wei et al., 2010; Yi et al., 2009). Thus, it seems likely that the spectrum of
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c-type cytochromes, each with distinct redox properties, is selected to meet the availability and
potential of the terminal electron acceptor. Table 2.7 lists recent studies on pure bacterial species
with EET ability that does not require mediators.

Table 2.7 Bacterial species with EET ability without mediators
Microorganism
Shawanella putrefaciens IR-1
Clostridium butyricum EG3
Desulfuromonasacetoxidans
Geobactermetallireducens
Rhodoferaxferrireducens

Batceria type
Gammaproteobacteria
Firmicutes
Deltaproteobacteria
Deltaproteobacteria
Betaproteobacteria

Aeromonashydrophila
Pseudomonas aeruginosa
Desulfobulbuspropionicus
Geopsychrobacterelectrodiphilus
Geothrixfermentans
ShewanellaoneidensisDSP 10
S. oneidensisMR-1
Escherichia coli
RhodopseudomonaspalustrisDX-1
OchrobactrumanthropiYZ-1
Desulfovibriodesulfuricans
Acidiphiliumsp. 3.2Sup 5
KlebsiellapneumoniaeL17
Thermincolasp. Strain JR
Pichiaanomala

Deltaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Acidobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Firmicutes
Fungi

Reference
Kim et al. 2002
Park et al. 2001
Bond and Lovely 2002
Bond and Lovely 2003
Bond and Lovely 2003
Chaudhuri and Lovely
2003
Pham at al. 2003
Rabaey at al. 2004
Holmes et al. 2004
Holmes et al. 2004
Holmes et al. 2004
Ringeisen et al. 2007
Bretschger at al. 2007
Zhang at al. 2006
Zuo et al. 2008
Zuo at al. 2008
Zhao at al. 2008
Zhang at al. 2008
Wrighton et al. 2008
Prasad et al. 2007

EET through bacterial nanowires is another novel direct electron transfer strategy (Figure
2.5). Pili can be formed on demand to facilitate electron transfer between microbial cells and a
solid surface (Rosenbaum et al 2010). Gorby et al. (2006) suggested that formation of pili maybe
a common strategy used by electrogenic bacteria for efficient electron transfer and energy
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distribution. Bacterial nanowires were observed in S. oneidensis MR-1 and some other bacteria,
or between different bacterial species, indicating a widely environmental distribution of those
bacterial appendages.

Figure 2.5 Sulfate reducing bacteria (SRB) cells formed numerous pili linking (indicated by the
white arrows) the cell walls formed on the anode at (a) 100 hr, (b) 137 hr, (c) 194 hr, and (d) 255
hr of microbial fuel cell operation (Reprinted from Eaktasang et al. 2013)

Mediators are needed as electron shuttles for indirect electrons transfer. An electron
mediator is a molecule that functions as an electron shuttle between microbes and an electrode.
In the mediated electron transfer, direct contact between the bacterial cell membrane and the
electrode surface is not required. A proper electron shuttle in BES should be (1) dissolvable, (2)
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stable, (3) reusable, (4) environment-friendly, and (5) have a proper redox potential (Lovely et al.
2008). Extensive work with artificial redox mediators has been pursued. Most commonly used
mediators include methyl viologen (MV) (Aulenta et al., 2007; Lojou et al., 2002; Steinbusch et
al., 2009), anthraquinone-2,6-disulfonate (AQDS) (Hatch and Finneran, 2008; Thrash et al., 2007)
and neutral red (NR) (Park and Zeikus, 2000). Artificial redox mediators possess a great
advantage of their well-known redox potentials and chemical properties. Apart from externally
supplied mediators, some microorganisms are able to excrete their own mediators such as
phenazine, 2-amino-3 carboxy-1, 4-naphthoquinone, 1,2-dihydroxynaphthalene and 2,6-ditertbutyl-p-benzoquinone.

2.2.2 Sulfate reducing bacteria

Sulfate reducing bacteria are considered as one type of the bacteria with EET functions.
Substrates such as H2, lactate, and pyruvate are widely used by sulfate reducing bacteria,
whereas other substrates have more restricted use and can only be utilized under certain
conditions or by specific species.

Table 2.8 Electron donors for sulfate reduction (Madigan et al. 2012)
H2
Acetate
Lactate
Propionate
Pyruvate
Butyrate
Ethanol and other alcohols
Long-chain fatty acids
Fumarate
Benzoate
Malate
Indole
Choline
Various hydrocarbons
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There are various bacterial species that can utilize sulfate as an electron acceptor,
including Desulfovibrio vulgaris, Desulfovibriosapovorans, Desulfovibriosalexigens,
Desulfobacterpostagei (Len et al. 1998). Sulfate is much less favorable electron acceptor than
O2 or NO3-. However, when an electron donor that yields NADH or FADH is oxidized,
sufficient free energy to make ATP is available from sulfate reduction (Madigan et al. 2012).
There are 8 electrons transfer in the reduction of sulfate to sulfide. The processes proceed
through a number of intermediate stages. Sulfate must be activated first in order to be reduced
due to the fact that it is chemically stable. Sulfate is activated by ATP. In dissimilative sulfate
reduction, the enzyme ATP sulfurylase catalyzes the attachment of the sulfate ion to a phosphate
of ATP, form APS. The sulfate in APS is reduced directly to sulfite by the enzyme APS
reductase with the release of AMP. In assimilative reduction, another phosphate is added to APS
to form PAPS and then sulfate is reduced (Figure 2.6). Table 2.9 lists common sulfate
reductions found in bioreactors used for sulfate control.
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Figure 2.6 Biochemistry of sulfate reduction: Activate sulfate (Madigan et al. 2012)
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Table 2.9 Common reactions of sulfate reduction in bioreactions (Len et al. 1998)
Reaction
Sulfate reducing reactions
4H2+SO42-+H+→ HS-+4H2O (Desulfovibrio)
Acetate-+ SO42-→ HS-+2HCO3- (D.Sulfodismutans)
Propionate- + 3/4SO42-→ 3/4HS- + Acetate- + HCO3- + 1/4H+
Propionate- + 7/4 SO42- + ¼ H2O → 7/4HS- +3 HCO3- +1/2 H+ + ¼ OHButyrate- +1/2 SO42-→ ½ HS- +2 Acetate- +1/2 H+
Butyrate- +5/2 SO42- +1/4 H2O→ 5/2 HS- + 4 HCO3- +3/4 H+ +1/4OHSyntrophic reactions
Propionate- +3 H2O→ Acetate- + HCO3- + H+ +3 H2
Butyrate- +2 H2O → 2 Acetate- + H+ +2 H2
Methanogenic reactions
4 H2 + HCO3- + H+→ CH4 + 3 H2O

ΔG (kJ/mol)
-38.1
-47.6
-37.7
NR
-27.8
NR
+76.1
+48.3
-33.9

2.2.3 Anode controlled experiments
Wanger et al. (2008) reviewed 28 papers on MFCs (or BESs) with anode potential
control. Among these 28 papers, 14 studies only set a single anode potential in the
experiments. When different anode potentials were compared, 71% (10) of these 14
comparison studies show improved performance (i.e., faster start-up or higher current density)
at higher potentials, 14% (2) showed mixed results, and 14% (2) show improved performance
at lower potentials. Table 2.11 shows some of the important results.
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Table 2.11 MFC (or BES) studies with applied anode potential (Wanger et al. 2008)
Set
Potential
(vs. SHE)

Inoculum

Electrode
material

Results

Reference

−0.2, 0,
+0.2

MFC
suspension

graphite
granule

Most active biomass at
−0.2 V; highest current
at maximum power at 0
V; maximum power at
0 V; similar start-up at
all voltages

Aelterman et al. 2008

−0.36,
−0.16,
+0.04,
+0.44,
+0.64
−0.26,
−0.16,
−0.06,
+0.04,
+0.14,
+0.24

D.
desulfuricans

graphite
plate;
stainless steel

Current obtained only
at −0.16 V

Cordas et al. 2008

G.
polished
sulfurreducens graphite
blocks

At constant biomass,
−0.16 and −0.26 V had
lower current; similar
CVs between biofilms
grown at −0.16 V and
+0.24 V suggesting
limited ability to adjust
terminal reductase to
different voltages

Marsili et al. 2010

−0.15,
−0.09,
+0.02,
+0.37

domestic WW

At −0.15 and −0.09 V,
obtained higher
current, and faster
start-up, than other
voltages; lower
potentials produced a
thicker biofilm
dominated by G.
sulfurreducens

Torres at al. 2009

graphite rods
(multiple)
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−0.16, 0,
+0.4,
floating
potential

G.
carbon paper
sulfurreducens

Higher current, faster
Wei et al. 2010
start-up, greater
biomass for 0 V and
+0.4 V; lower use of
possible metabolic
energy gain at +0.4 V
suggesting an upper
limit of the terminal
reductase for G.
sulfurreducens between
0 V and +0.4 V

+0.4,
floating
potential

domestic WW

graphite plate

Faster startup using
poised vs nonpoised
anode potentials

Wang et al. 2008

0, +0.2,
+0.35,
+0.5
+0.11,
+0.21,
+0.31,
+0.51
+0.54,
+0.74,
+0.94

S. oneidensis

graphite plate

Higher current at +0.5
V

Cho et al. 2006

G.
stainless steel
sulfurreducens

Current obtained only
at +0.51 V

Dumas et al. 2008

garden
compost

dimensionally Higher current, faster
stable anodes biofilm development at
(DSA)
+0.54 V within one
chamber; higher
current at +0.94 V
when in separate
reactors, but this result
was inconsistent across
replicates; current at
+0.74 V > +0.34 V >
+0.64 V in one
experiment; +0.74 V
selected as best
potential

+0.3, +0.8 G.
graphite plate
sulfurreducens

Higher current, and
faster start-up, at +0.8
V; +0.8 produced a
thicker biofilm
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Parot et al. 2007

Busalmen et al. 2008

+0.14,
+0.30,
+0.82

marine
sediment

graphite rod

Higher current, faster
substrate oxidation at
+0.82 V than other
voltages

Finkelstein et al. 2006

2.3 Reduction reactions in the cathode
2.3.1 Oxygen reduction reactions
The air cathode is mostly adopted in MFCs research due to easy access of air and no
waste product generated during the process (Rabaey and Verstraete 2005). Oxygen reduction
reactions can occur either through direct 4- or 2-electron pathway as the followings:
Direct 4-electron pathway:
Alkaline solution:
𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 −
Acid solution:
𝑂2 + 4𝐻 + + 4𝑒 − → 2𝐻2 𝑂
Peroxide (2-electron) pathway:
Alkaline solution:
𝑂2 + 𝐻2 𝑂 + 2𝑒 − → 𝐻𝑂2− + 𝑂𝐻 −
𝐻𝑂2− + 𝐻2 𝑂 + 2𝑒 − → 3𝑂𝐻 − , 𝐸0 = 0.867𝑉
2𝐻𝑂2− → 2𝑂𝐻 − + 𝑂2 (𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒)
Acid solution:
𝑂2 + 2𝐻 + + 2𝑒 − → 𝐻2 𝑂2
𝐻2 𝑂2 + 2𝐻 + + 2𝑒 − → 2𝐻2 𝑂, 𝐸0 = 1.77𝑉
2𝐻2 𝑂2 → 2𝐻2 𝑂 + 𝑂2 (𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒)

The 2-electron reduction to peroxide (O-O bond not broken) is likely to occur on
materials such as mercury, gold (except gold (100) in alkaline solution), carbon oxide converted
metals, and most transition metal oxides. The 4-electron reduction (O-O bond broken) is likely
to occur on materials such as platinum, platinum family metals, platinum alloys, silver, gold (100)
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in alkaline solution, metallic iron in neutral solution, and some oxides such as pyrochlores.
Table 2.11 lists the standard potentials of the oxygen reduction reactions.

Table 2.11 Standard electrode potentials of selected oxygen reduction reactions in aqueous
electrolytes at 25oC (Kinoshita 1992)
E0 vs. SHE (V)
1.229
0.695
0.401
-0.053
-0.284

Electrochemical reaction
𝑂2 + 4𝐻 + + 4𝑒 − → 2𝐻2 𝑂
𝑂2 + 2𝐻 + + 2𝑒 − → 𝐻2 𝑂2
𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 −
𝑂2 + 𝐻 + + 𝑒 − → 𝐻𝑂2
𝑂2 + 𝑒 − → 𝑂2−

A major issue of BES applications is the slow reaction at the cathode electrode. For the
purpose of increasing power production, the 4-electron ORR to water is limited by the low
oxygen concentration (partial pressure = 0.21 atm in air, or 0.4 mM in aqueous solutions) and
high reaction over potentials. Catalysts are usually used on the cathode material to improve the
reaction kinetics. Most common catalysts for ORR include metal oxide, metal porphyrins,
Co/Fe/N/Carbon nanotubes, iron-chelated ethylenediaminetetraacetic acid, Prussian
Blue/polyaniline, and Co-naphthalocyanine (Zhang et al 2011). Table 2.12 lists the most
common electrode materials and catalysts in MFC studies.
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Table 2.12. Common approaches and types of electrode materials and catalysts for ORR
Cathode materials
Carbon clothes, nafion
Stainless Steel Mesh
Activated carbon with
Polytetrafluoroethylene
binder
Activated carbon
Canvas cloth coated
with Ni-based
conductive paints and
MnO2

Catalyst Maximum current density
Pt
0.1mA/cm2
Pt
0.6mA/cm2

References
Cheng et al. 2006
Zhang et al. 2010

Pt
none

0.044mA/cm2
4.69×10-4mA/cm2

Logan et al. 2005
Deng et al. 2010

MnO2

0.07mA/cm2

Zhuang et al. 2009

2.3.1 Hydrogen peroxide production in BESs
Given that power density for MFCs is typically in the range of milli-Watts/m2 (Logan et
al. 2007), use of the devices for producing H2O2 may prove to be more economically efficient
than electric power production. Electrochemical production of H2O2 has previously been studied
using electrolysis cells or conventional fuel cells such as alkaline fuel cells (Brillas et al. 2002,
Qiang et al. 2002, Yamanaka et al. 2003, Pozzo et al. 2005, Lobyntseva et al. 2007, and Panizza
et al. 2008). Brilla et al. (2002) studied the behavior of a small-scale flow alkaline fuel cell (AFC)
for on-site production of HO2- using commercial gas-diffusion electrodes. The AFC produced a
spontaneous current due to the oxidation of H2 to H2O at the H2-diffusion anode and the
reduction of O2 to HO2- at the O2-diffusion cathode. Pure O2 supply was required for maximum
HO2- electrogeneration; the use of O2/N2 mixtures to feed the cathode caused a loss of its
performance. Qiang et al. (2002) reported that the optimal conditions for H2O2 generation in
their fuel cell system were cathodic potential at −0.5 V (vs. SCE), oxygen mass flow rate of 8.2
×10−2 mol/min, and pH 2. Yamanaka (2002) achieved greater than 1% (w/w) of hydrogen
peroxide production on graphite electrodes which are known to be active for the electrolysis of
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O2 to H2O2 in alkaline solutions. Pozzo (2005) argued that the gas diffusion cathode enhanced
the process yield of hydrogen peroxide from direct supply of oxygen to the electrode surface,
which overcomes the limiting steps such as solubilization of the molecular oxygen into solution
and diffusion from bulk solution to electrode surface when using a graphite cathode. Hydrogen
peroxide concentration could reach 1 g/L with a gas diffusion electrode. Panizza and Cerisola
(2008) also analyzed the electrogeneration of hydrogen peroxide in a solution with a low ionic
strength using a gas diffusion cathode fed with air. H2O2 at 0.05 M was produced with a
satisfactory current efﬁciency (53%). Higher production rate was obtained in a two-chamber cell
by increasing current density and pH, and by decreasing solution temperature. Lobyntseva (2007)
suggested that anthraquinone-modified high-area carbon can catalyze the two-electron reduction
of oxygen at low overpotentials, which is advantageous for hydrogen peroxide production. In
this mechanism, the reactive species is the semiquinone radical anion (Q•−) formed via oneelectron reduction of native quinone (Q), followed by a reaction of semiquinone with molecular
oxygen to yield superoxide anion (O2•−). Up to 0.8 M of peroxide was produced in such a
device.
A few studies of H2O2 synthesis using MFCs was recently reported (Rozendal at al. 2009,
Fu et al. 2010, Modin and Fukushi 2012 and Feng et al. 2010). With pure oxygen supply to the
catholyte, the concentration in the MFC system studied by Fu et al. (2010) was stable in the
range of 73~80 mg/L after 12 hours with current density of 0.0422 mA/cm2 after reaching their
optimal potential of cathode at -0.25V (vs. SCE). ORR would occur at any potential below -0.15
V (vs. SCE) on their electrode of spectrographically pure graphite (SPG) rods. They conclude
that the optimum condition for maximizing H2O2 generation was neutral pHs in a Na2SO4
solution (0.1 mol/L). Activation loss rather than mass transfer loss was found to dominate the
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MFC performance. Rozendal at al. (2009) was able to achieve a higher current density (0.53
mA/cm2) with extra power provided by maintaining the cell potential at 0.5 V. Their experiments
were performed using an electrochemical cell separated by a cation exchange membrane. The
cathode material used was carbon cloth gas diffusion electrode and the fed solution for anode
was acetate (1 g/L). They achieved 1.29 g/L H2O2 after 8 hr with a current density of 1.28
mA/cm2. Results showed decreasing cathodic efficiency at higher H2O2 concentration
suggesting that hydrogen peroxide was further reduced to water. Modin and Fukushi (2012)
reported H2O2 production up to 4.5 mg/L after 21 hours in a bioelectrochemical system. Their
electrode material was hydrophobic carbon fiber paper coated with carbon black and 30% PTFE
(Polytetrafluoroethylene). Experiments were conducted with no pH control. They argued that at
alkaline pHs, the ions are presented in HO2- form (pKa of H2O2 = 11.6), which is repelled from
the cathode. This would inhibit further reduction of H2O2 to H2O. Feng (2010) used a carbon
nanotube (CNT)/γ-FeOOH composite cathode in a MFC. The Fenton’s reagents including
hydrogen peroxide and ferrous irons (Fe2+) were generated in situ in the cathode chamber. The
generation of H2O2 on three cathodes showed similar behaviors characterized by three periods: a
static stage when there was weakly detectable H2O2 because of the start-up of the MFC, a fast
grown stage when H2O2 was progressively produced, an equilibrium stage when H2O2 generation
rate and its decomposition rate became equal. The H2O2 concentrations at the steady-state stage
were determined to be 1.61, 3.24 and 2.68 mg/L at three separate experiments.
2.4 Sulfur compounds in BESs

Given its ubiquitous presence in wastewater and redox active nature, the role and effects
of sulfur compounds on BES performance have been the focus of some researchers.
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When present in the wastewater, sulfate was reported to be reduced to sulfide by SRB and
reoxidized to sulfate on anode electrodes in an MFC setting (Habermann and Pommer, 1991).
Habermann and Pommer (1991) developed a BES device to preserve sulfide in the system for
odor control. Using a biological fuel cell, sulfate was first reduced by SRB, and oxidized to
sulfate at anode. They found that optimum condition was at sodium sulfate contents of 2.5-3.0%
by weight. Rabaey et al (2006) and Zhao et al. (2008) investigated electron harvesting for
electricity production through sulfide oxidation. Rabaey et al (2006) coupled a methanogenic
upflow anaerobic sludge blanket reactor coupled to a tubular MFC for sulfide removing
involving sulfide oxidizing bacteria. Zhao et al. (2008) used a one-chamber, air-breathing
cathode and continuous flow MFC in their study. Their approach is based on an in situ anodic
oxidative depletion of sulfide produced by sulfate reducing bacteria.
The proposed reactions were:
Biological reaction:
𝑆𝑂42− + 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 + 8𝐻 + → 𝑆 2− + 4𝐻2 𝑂
Anode reactions:
𝑆 2− + 4𝐻2 𝑂 → 𝑆𝑂42− + 8𝐻 + + 8𝑒 −
2𝑆 2− + 3𝐻2 𝑂 → 𝑆2 𝑂32− + 6𝐻 + + 8𝑒 −

Cooney et al. (1996) achieved the same goal by recovering electrons at the anode. The electrons
are transferred by the bacteria from the carbon source (yeast extract, resasurin, thioglycollate,
ascorbic, sodium citrate and nitriloteracetate) to sulfate, which was reduced to hydrogen sulfide.
The electrons were then recovered on the anode via oxidation of hydrogen sulfide, resulting in
sulfate regeneration.

Their purpose was to test a pure species of sulfate reducing bacteria
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(Desulfovibriodesulfuricans) and its function in biofuel cell system. Rabaey et al. (2006)
combined an anaerobic methane digester system with a MFC to recover the energy loss caused
by sulfate reduction and to control the emission of sulfurous compounds in the biogas.
Depending on the redox potential and on the specific reaction conditions, different species can be
produced by sulfide oxidation. This study demonstrated that sulfide was oxidized under standard
conditions to elemental sulfur at potentials at least higher than -0.274 V versus standard
hydrogen electrode (SHE). Unlike the previous studies, sulfide oxidation process at the anode
was not a simple chemical reaction but a biochemical reaction. The involvement of bacteria was
supported by the fact that a sulfide-oxidizing organism was isolated.

Zhao et al. (2008)

confirmed that sulfide could be oxidized to elemental sulfur when the anode potential was
>=-0.27V vs SHE in aqueous solution at neutral pHs.
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3. Materials and Methods
3.1 Configuration of the BESs

Two-chambered BESs were constructed and used in the experiments. The two chambers
were separated by a cation exchange membrane (Membrane International Inc., Ringwood, USA),
and each contained graphite woven felt (Electrosynthesis Company, Inc., Lancaster, PA, USA)
as electrodes. Both the anode and cathode electrodes had a geometric dimension of 13 × 2 cm2
and were 0.5 cm thick. The outlet pockets are connected to platinum wires which are implanted
into the graphite woven felt for electron collection. The anode chamber had a working volume
of 120 mL and cathode had a working volume of 25 mL. An Ag/AgCl electrode (BASI Inc.,)
was placed in the anode chamber and used as a reference electrode (Figure 3.1). To test for
biofilm growth, smaller BESs were constructed with circular electrodes of 1 inch in diameter.
The BES anode was inoculated with a mixture of primary wastewater and sludge
collected at a local wastewater treatment plant (Bobtown, Pennsylvania, USA), acid mine
drainage (AMD) soil and water from an abandoned site near Dunkard Creek in West Virginia.
Chemical characterizations of the wastewater and AMD water can be found elsewhere (Deng
and Lin, 2013). Equal volumetric amounts of wastewater, sludge and AMD water were mixed to
make a solution, and 1.5 gram of the AMD soil was added to each liter of the mixture solution.
Before being fed to the BES, the solution was bubbled with nitrogen gas for 20 minutes to
remove oxygen. The mixture solution was stored in a recirculation tank sealed with a rubber
stopper as a reservoir of wastewater source. The BES anode was continuously fed with the
mixture solution for one day for inoculation, followed by feeding of an artificial wastewater for
microbial enrichment. The enrichment process lasted at least one month before normal operation
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of the BESs. Biofilm samples were taken daily from the smaller BESs to examine the growth of
bacteria.

Figure 3.1. Two-chambered bioelectrochemical system (BES) used to generate H2O2 from
wastewater treatment.

3.1.1 Anolyte

The anodic fuel was a synthetic wastewater containing 0.56 g NH4Cl, 0.20 g
MgSO47H2O,15 mg CaCl2, 1 mg FeCl36H2O, 20 mg MnSO4H2O, 0.42 g NaHCO3, and 10
mL of a trace mineral solution (Diekert, 1991, Table 3.1); 50 mL of a phosphate buffer (1 M, pH
7.0); and 940 mL distilled water. In addition, pre-weighted meat extract (‘LAB-LEMCO’
powder, Oxoid, England) or lactose was added to the synthetic wastewater to make up a
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concentration of 1 g COD/L which was comparable to COD for a municipal wastewater plant
(Deng and Lin, 2013) and in other studies (Rozendal at al. 2009, Fu et al. 2010, and Modin and
Fukushi 2012). Ammonia sulfate, (NH4)2SO4, was used to substitute NH4Cl in the artificial
wastewater as sulfate source. A range of COD and sulfate concentrations were used in the
experiments to study their effects on removal efficiency, current generation, and H2O2
production.

Table 3.1 Constituents of the trace element solution
Trace elements
MnSO4H2O
FeSO47H2O
Co(NO3)2 6H2O
ZnCl2
NiCl26H2O
H2SeO4
CuSO45H2O
Al(SO4)212H2O
H3BO3
Na2MoO42H2O
Na2WO42H2O

Concentration (mg/L)
2.5
0.5
0.5
0.5
0.25
0.25
0.05
0.05
0.05
0.05
0.05

3.1.2 Catholyte

The base solution of the catholyte was 0.05 M NaCl. It was continuously bubbled with
air to maintain a constant oxygen concentration. 100 ml of 1 M of phosphate buffer (pH7)was
used in every liter of catholyte for a buffered solution.

3.1.3 BESs operation for COD/sulfate removal and H2O2 production
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The anodic electrolyte was fed to BES anode at a rate of 5 mL/hr in an upflow mode to
produce electric currents and to test for H2O2 production. To test the removal efficiency of COD
and sulfate, the anolyte was recirculated for 5 days during which both chemical concentrations
and electric currents were monitored. The recirculated anode solution was sampled daily
directly from the outlet of the anode chamber. All samples were filtered with a 0.45 μm filter
membrane prior to chemical analyses.
The cathode was operated in batch mode with air being pumped directly into the cathode
chamber at a rate of 25 mL/min. The cathode electrolyte was sampled every 12 hrs for H2O2
analysis. Fresh electrolyte solution was replaced after each sampling.
3.2 Electrolysis test

An electrolysis cell (Figure 3.2) was designed and used to evaluate the electrochemical
properties of the graphite woven felt (8 cm2, Electrosynthesis Co. Inc., Lancaster, USA) and
identify controlling factors on H2O2 production. The three-electrode cell contained a graphite
woven felt (working), a Pt wire (counter), and an Ag/AgCl electrode (reference). A NaCl
solution (0.05 M) with or without phosphate buffer (pH 7) saturated with air was used as the
electrolyte to study the pH effects. An original cyclic voltammetry scan (+0.7 V ~ -1.0 V) was
performed to identify the ORR potential with the graphite woven felt electrode material. A range
of potentials was selected afterwards for the working electrode in a series of controlled potential
Coulometry (CPC) experiments. The potential of the working electrode was controlled by a
potentiostat (Gamry Reference 3000, Gamry, Warminster, USA). A twelve-hour sampling time
was used for the verification experiment of optimum potential with 2-hour sampling intervals to
study H2O2 production kinetics. Current and potential were recorded using a data acquisition
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system (Keithley 2701, Keithley Instruments Inc., Cleverland, USA) with NI USB-6501 data
acquisition system (National Instruments, Austin, USA). The cell was operated in an open air
condition. The results were used to guide the operating conditions and evaluate the performance
of the BESs.

Figure 3.2. Three-electrode electrolysis cell used in electrolysis for H2O2 production contains
graphite woven felt working electrode, a Pt wire counter electrode, and an Ag/AgCl reference
electrode. The volume of the working electrode chamber was 40 mL. Counter and reference
electrode side arms were isolated by glass frits. The electrolyte was well mixed using magnetic
stirring.
3.3 Controlled potential experiments

To develop strategies for optimizing COD removal and H2O2 production, a series of
controlled potential experiments were conducted. Two modes of potential control were used –
anode potential and whole cell voltage. The anode potential was controlled by the potentiostat
through a three-electrode system with anode as the working electrode, Ag/AgCl as the reference
electrode and cathode as the counter electrode. The cell voltage was controlled with the
potentiostat using a two-electrode configuration with the cathode as the working electrode, and
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anode as the reference and counter electrodes. The working electrode is the electrode where the
potential is controlled and where the current is measured. The counter electrode is a conductor
that completes the cell circuit. A reference electrode is used in measuring the working electrode
potential in the three-electrode mode. Two-electrode experiments measure the whole cell voltage
(i.e., the complete voltage dropped across the whole electrochemical cell: working electrode,
electrolyte, and counter electrode). The three-electrode setup has a distinct experimental
advantage over two electrode setups: it measures only the potential changes of the working
electrode against the reference electrode independent of changes that may occur at the counter
electrode. In this setup, the potential between the working electrode and counter electrode
usually is not measured. It is adjusted by a control amplifier so that the potential difference
between the working electrode and reference electrode is equal to the potential difference
specified. This isolation allows for a specific reaction to be studied which in our case is the
organic oxidation and sulfate reduction.

3.4 Electrochemical impedance measurements
Electrochemical impedance measurements were used to characterize resistances of
various components/processes of the BES. Impedance is the ratio between AC voltage and
current and is measured in the same units as resistance. Resistance is technically the impedance
with zero phase angle, since the current is not alternating in DC circuits. There are two terms in
impedance measurements. The real impedance is the measurement of the ability of a circuit to
resist the flow of electrical current and the imaginary impedance is the measurement of the
ability of a circuit to store electrical energy.
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In an experimental setting, the electrochemical impedance is normally measured using
excitation AC voltage signal (V) with small amplitude applied at frequency (f) (Bard et al 2000).
This process is repeated across a frequency range where different values are deduced for the real
and imaginary components of the overall impedance value.
𝑍(𝑗𝜔) =

𝑉(𝑗𝜔)
𝐼(𝑗𝜔)

where Z is the impedance, V is the voltage, I is the current, j is the imaginary component and ω
is the frequency.
The three-electrode mode was used to analyze resistance (R) of an individual electrode
using the potentiostat. The anode was used as the working electrode, while cathode functions as
a counter electrode. The third lead was attached to the reference electrode (e.g. Ag/AgCl) that
has been placed in the anode chamber. For this connection, the anode resistance is measured.
The two-electrode mode was used to measure the resistance of the whole cell at an applied cell
voltage which includes cathode, anode, membrane and electrolyte. The frequency range was 105
Hz to 10-2 Hz.
3.5Analytical analysis
3.5.1 COD

Chemical oxygen demand (COD) were measured using a spectrophotometer (Hach DR
2800) following standard method D1252-06 (APHA 2005). Steps of the analysis include sample
digestion in an acid solution at 150 °C for 2 hrs, during which dichromate ions oxidize COD
material in the sample. This results in the change of chromium from hexavalent to the trivalent
state. Both of these chromium species lead to color formation and absorb in the visible region of
the spectrum. In our study, increase in Cr3+ in the 600 nm region was determined for COD
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values between 100 and 900 mg/L. COD values of 90 mg/L or less were be determined by
following the decrease in Cr2O72- at 420 nm. Standard COD solutions were prepared using
potassium hydrogen phthalate to develop calibration curves for the COD analysis.
3.5.2 Sulfate

Sulfate was quantified by a UV-Vis spectrophotometer (Thermo Scientific Genesys 10S)
using HACH method 8051. In the analysis, sulfate ion precipitated with barium (as in barium
chloride) in an acetic acid medium to form barium sulfate particles of uniform size. Light
absorbance of the BaSO4 suspension was measured by a photometer and the SO42- concentration
was determined by comparison of the reading with a standard curve.
3.5.3 Sulfide

Sulfide concentrations were measured using a spectrophotometer (Hach DR 2800)
following a methylene blue method (Standard methods 4500). The methylene blue method relies
on the reactions of sulfide, ferric chloride and dimethyl-p-phenylenediamine to produce
methylene blue. Ammonium phosphate is added after color development to remove ferric
chloride color. Hydrogen sulfide and acid-soluble metal sulfides react with N,N-dimethyl-pphenylenediaminesulfate to form methylene blue. The intensity of the blue color is proportional
to the sulfide concentration. High sulfide levels may be determined after proper dilutions. Test
results were measured at 665 nm.
3.5.4 Hydrogen peroxide

An iodometric titration method (Kingzett, 1881 and Kolthoff, 1920) was used to
standardize the stock H2O2 concentration and quantify H2O2 production in the study. In the
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analysis, H2O2 oxidizes iodide to iodine in the presence of acid and molybdate catalyst. The
iodine formed is titrated with thiosulfate solution, incorporating a starch indicator.
𝐻2 𝑂2 + 2𝐾𝐼 + 𝐻2 𝑆𝑂4 → 𝐼2 + 𝐾2 𝑆𝑂4 + 2𝐻2 𝑂
𝐼2 + 2𝑁𝑎2 𝑆2 𝑂3 → 𝑁𝑎2 𝑆4 𝑂6 + 2𝑁𝑎𝐼

The H2O2 concentrations were then determined by the following equation:
𝑊𝑒𝑖𝑔ℎ𝑡 % 𝐻2 𝑂2
=

(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑎2 𝑆2 𝑂3 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑡𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛) × 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑜𝑓𝑁𝑎2 𝑆2 𝑂3 × 1.7
𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑔𝑟𝑎𝑚𝑠

47

3.6 Biofilm characterization and analyses

The anode biofilm is a key factor controlling BES performance. The bacterial population
and community were studied to identify possible electrons transfer bacteria and better understand
BES performance at different conditions.
3.6.1 Electrochemical properties of biofilms

Small BESs were used to study the development of the biofilm over time. During
inoculation, the open circuit voltage (OCV) was monitored until it reached a steady state,
followed by normal BES operations under a short circuit condition. Biofilm samples were taken
out of the BESs daily and used in the electrolysis cell for electrochemical experiments. The
three-electrode electrolysis cell contained a biofilm attached graphite woven felt (working), a Pt
wire (counter), and an Ag/AgCl electrode (reference). Nitrogen was continuously bubbled into
the system to maintain an anaerobic condition. Cyclic voltammetry scans were also performed
to study the redox potential after the development of the biofilm.
3.6.2 Biofilm sampling

Different stages of microbial samples were collected to study the dominant species
associated with current production and sulfate reduction. Anodic biofilms were scraped off the
graphite woven felt three times evenly throughout the entire electrode surface with a sterile
scraper blade and were washed off into 1.5 ml sterile Eppendorf tubes with 100 μL of 10 mM
Tris (pH 7.7). For long term study of anode potential effects on the biofilm, the microbial
samples were collected after running under each experimental condition (without potential
control/ with potential control) for two weeks. Before DNA extraction, the cell suspension was
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pretreated with Freeze-Thaw and Boil-Cool process (Husmanet al. 1995). DNA extraction was
done using MasterPureTM DNA purification kit (Epicentre, Madison, WI).

3.6.3 Polymerase chain reaction

Polymerase chain reaction (PCR) is a technique which generates millions of copies of
genes exponentially from a minute amount of deoxyribonucleic acid (DNA) in a short period of
time (Arya et al., 2005). The PCR process involves a series of chemical reactions performed at
various temperatures in the so-called PCR cycle. The first step is called denaturation, where
hydrogen bonds are disrupted and double stranded DNAs in a sample are separated into single
strands by heating the sample at 94 to 96 ºC. The second step is annealing where reaction
temperature is lowered to 50-60 ºC allowing annealing of the primers to the single-stranded DNA
template. Primers are short single stranded DNA oligonucleotides. These primers are
complementary to either the 5’ or 3’ ends of target DNA. Stable DNA-DNA hydrogen bonds are
formed only when primer sequence closely matches the template sequence. The polymerase
binds to the primer-template hybrid and begins DNA formation. The last step is extension; the
temperature is increased up to 72 ºC. After one round of synthesis, the amount of sample DNA is
doubled. The temperature is again increased to denature the recently formed DNA duplex.
Denaturation (heating) followed by hybridization and synthesis (cooling) is repeated to create or
“amplify” millions of copies of the original DNA sequence.
Quantitative polymerase chain reaction (qPCR) technology allows one to determine the
amount of DNA amplified in each cycle. Quantitative real-time PCR is a highly sensitive
technique that can be used for detection and quantification of specific genes of microorganisms
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in a DNA extraction. Numbers of copies of DNA is considered a surrogate for the number of
microorganisms in a sample. SYBR Green is the most commonly used dye for non-specific
detection. It is a double-stranded DNA intercalating dye, that fluoresces once bound to the DNA.
A pair of specific primers is required to amplify the target with this chemistry. The amount of
dye incorporated is proportional to the amount of generated target. The dye emits at 520 nm and
fluorescence emitted can be detected and related to the amount of target.
The primers that were used for amplification of the 16S rRNA in PCR are 8F (5'-AGA
GTT TGA TCC TGG CTC AG-3') and 1492R (5'-GGT TAC CTT GTT ACG ACT T-3')
(Hendrickson et al. 2002). Plasmids used for sequencing to identify the microbial community of
the biofilm were generated using the PCR products of DNA extracted with PCR8 cloning kit
(Invitrogen) and GeneJET Pasmid Miniprep Kit (Molecular biology). Basically, the pcr product
using 8F and 1492R primers were mixed with the TOPO cloning reagents and incubated for 5
minutes at room temperature . The reaction was then placed on ice and transformed to
chemically competent E. coli. 10–50 μL of the E. coli culture was spread on a prewarmed LB
agar plate containing 100 μg/mL spectinomycin, and incubated overnight at 37°C. Arbitrary
clones were selected for plasmid preparation. The yield and quality of the DNA was assessed by
monitoring absorption at 260 nm, using a Nanodrop® ND-1000 version 3.7.1 spectrometer
(Fisher). After extraction, all DNA was stored at -20 °C until use.
qPCR was conducted with a Bio-Rad qPCR/ Real-Time PCR system (CFX-96 Real-Time
system, Bio-Rad, Hercules, CA) to determine the quantity of the 16S rRNA gene of total bacteria,
Archaea and the dsrA functional gene of sulfate reducing bacteria. Primers used are listed in
Table 1. For all DNA samples, each qPCR tube contain 1µL of DNA, 5µL of primer mix, 10 µL
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of SYBR mix and 4 µL of water to make up a total volume of 20 µL. The qPCR thermocycler
conditions are listed as follow:


Total bacteria: 50 ˚C for 2 minutes, 95 ˚C for 15 minutes, 45 cycles of 95 ˚C for 15
seconds, 56 ˚C for 60 seconds.



Archeae: 50°C for 2 minutes; 95°C for 15 minutes; 40 cycles of 95°C for 30 seconds,
60°C for 30 seconds; and 72°C for 30 seconds; followed by 50°C for 5 minutes and a
dissociation stage.



Sulfate reducing bacteria: 50°C for 2 minutes; 94°C for 15 minutes; 40 cycles of 94°C
for 30 seconds, 60°C for 30 seconds, and 72°C for 1 minute; followed by extension of
72°C for 7 minutes and a dissociation stage.
Pure plasmids for each gene were used to generate standard curves for qPCR by serially

diluting the plasmids from 1011 to 102 gene copies/μl PCR reaction. The efficiency of the assay
and the coefficient of determination (R2) of the standard curve were calculated based on the
linear regression of the standard curve. The amplification efficiency (E) was calculated from the
slope of the standard curve using the following equation:
−1

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 10𝑠𝑙𝑜𝑝𝑒 − 1
DNA copies are calculated using the following equation:

𝐷𝑁𝐴 𝑐𝑜𝑝𝑦 10
=
𝑐𝑚2

log 𝑔𝑒𝑛𝑒

𝑐𝑜𝑝𝑖𝑒𝑠
µ𝑙

× 𝑉𝑜𝑙 𝑜𝑓 𝐷𝑁𝐴 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (µ𝑙) × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝐴𝑟𝑒𝑎 𝑠𝑐𝑟𝑎𝑝𝑒𝑑 (𝑐𝑚2 )
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Table 3.2 Primer used for qPCR/PCR
Primer
name
1369 F
1492 R
Arch 344 F
Arch 806 R
DSR1F+
DSR R

Sequence

Target Gene

5’ CGG TGA ATA CGT
TCY CGG ‘3
5’ GGW TAC CTT GTT
ACG ACT T ‘3
5'-ACG GGG YGC AGC
AGG CGC GA-3'
5' -GGA CTA CCC GGG
TAT CTA AT -3'
5'-ACS CAC TGG AAG
CAC GGG GG- 3'
5'GTG GMR CCG TGC
AKR TTG G- 3'

16S rRNA Gene,
Bacteria
16S rRNA Gene,
Bacteria
16S rRNA Gene,
Archaea
16S rRNA Gene,
Archaea
dsr A functional
gene
dsr A functional
gene

Amplicon
References
length (bp)
123 Suzuki et al.
2000
Suzuki et al.
2000
462 Raskin et al.,
1994
Takai&Horikosh
i, 2000
221 Kondo et al.,
2006
Kondo et al.,
2007

3.6.4 Biofilm fixation and photo images

Biofilm attached electrode samples were fixed with 1.5% glutaraldehyde and 2.5%
paraformaldehyde for 1 hour and then washed three times with 0.1 M cacodylate buffer. The
samples were gradually dehydrated by a series of ethanol washes and then dried. The biofilm
samples are soaked with SYTO 9 dye for 30 mins before imaging. SYTO green-fluorescent
nucleic acid stains are cell-permeant nucleic acid stains that show a large fluorescence
enhancement upon binding nucleic acids. The SYTO dyes can be used to stain RNA and DNA in
both live and dead eukaryotic cells, as well as in Gram-positive and Gram-negative bacteria.
The excitation and emission frequencies for SYTO 9 are at 485 and 498 nm for DNA.
MIF Zeiss Violet Confocal was used to take fluorescent photoimages of the biofilm
samples to provide the coverage information of the biofilms developed on the electrodes. The
complete generation of two-dimensional object information from object plane of a confocal laser
scanning microscopies essentially comprises three process steps:
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1. Line-by-line scanning of the specimen with a focused laser beam deflected in the X and Y
directions by means of two galvanometric scanners.
2. Pixel-by-pixel detection of the fluorescence emitted by the scanned specimen details, by
means of a photo multiplier (PMT).
3. Digitization of the object information contained in the electrical signals provided by the PMT.
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4. Results and Discussions
Results of this thesis are summarized and presented in the following order:


Initialization stage: 4.1) biofilm development and enrichment, 4.2) determination of
optimal potential for H2O2 production on graphite woven felt.



Normal operation stage: 4.3) BES operation for COD removal and H2O2 production.



Potential controlled operation stage: 4.4) anode and cell potential control experiments.



Assessment stage: 4.5) electrochemical losses, 4.6) biofilm community characterization.

4.1 Biofilm development and enrichment

Confocal microscopic analysis showed the presence of biofilms on the anode electrodes
during biomass enrichment after different time periods (Figure 4.1). The biofilms were
gradually established with time as indicated by more SYTO 9 (green) coverage on the graphite
fibers. After one-month enrichment, a mature biofilm was developed with most surface area of
graphite felt electrode covered with biomass. The area of the biofilm coverage calculated from
the confocal image (LSM image browser/image J) increased from 0.016% at day 0 to 51% at day
30.

These results are consistent with the qPCR results. The gene copies of the total bacteria

and sulfate reducing bacteria increased with time (Table 4.1).
Standard curves (Figure 4.3) were generated for each target gene during qPCR analysis.
The estimated efficiency for the qPCR reactions were 101 % for TB 16S rRNA genes, 98% for
SRB dsrAgenes, and 103 % for Archaea 16S rRNA genes. The following equations were
established to calculate the number of the gene copies:
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Log 16S rRNA gene copies of TB
= −0.3034 × Ct + 12.182
µl
Log 𝑑𝑠𝑟A gene copies of SRB
= −0.2952 × Ct + 13.695
µl
Log 16S rRNA gene copies of Archaea
= −0.3071 × Ct + 15.802
µl

SEM image revealed that the biomass was not uniformly distributed on the graphite felt
electrode with congregation and multilayers were formed (Figure 4.2).
EIS analysis of the whole cell provided information on ohmic resistance, charge-transfer
resistance and diffusion resistance of the BES (electrode surface area= 2π cm2). EIS data were
collected daily during the enrichment process. The interpretation of the EIS results in this study
was based on fitting the BES to an equivalent circuit reported in previous studies (You et al.
2007, He and Mansfeld 2008, and Manohar and Mansfeld 2009). At high frequency, the ohmic
resistance was around 1.11 Ω/cm2 for all the measurements at different time periods (the starting
point on the graph), which includes the resistance of the wire connection, electrolyte, membrane
and both electrodes (Figure 4.4). Charge transfer resistances, indicated by the diameters of the
semicircles, were rather high, implying slow kinetics of the system (ex. partial coverage of
biofilm, figure 4.1). The impedance spectra in Figure 4.5 show that the charge transfer
resistance of the cell decreased slightly from 708 Ω/cm2 (day 0) to 505 Ω/cm2 (day 30) at lowfrequency and no significant change at high-frequency. The qPCR analysis showed that sulfate
reducing bacteria constituted approximately 40% of the total microbial population based on the
ratio of total bacteria gene copies and those of sulfate reducing bacteria (Table 4.1). A decrease
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in charge transfer resistance indicates that the establishment of the conductive biofilm could
contribute to the improvement of the kinetics of electrochemical reactions. No change in charge
transfer resistance was observed between day 1 and day 5 which was correspondent to the qPCR
results that the percentage of sulfate reducing bacteria remained the same. A slight decrease in
charge transfer resistance was observed from day 5 to day 10; more electron transfer site may
have been developed in and on the biofilm due to the increase population of exoelectrogens,
among which were the sulfate reducing bacteria (Table 4.1). Yet the change in day 10 and day
30 was not significant. However, although qPCR is a widely used technique as an
approximation of the population of bacteria, its main limitation is its inability to discriminate
between live and dead cells. The actual percentage of live sulfate reducing bacteria referring to
live bacteria may be different.
After inoculation, electrodes with biofilm formation was taken out of the BESs and put
into the electrolysis cell for CV analysis (Figure 4.6). The studied potential window was from
0.4 to -0.7 V vs. Ag/AgCl and a scan rate 100 mV/s was used. Results from day 2 showed the
development of a cathodic current, starting at -0.3 V vs. Ag/AgCl. The forward scan presented
an anodic wave that started to develop at approximately 0 V vs. Ag/AgCl and peaked around 0.3
V. Results for electrode after one week enrichment showed the development of a cathodic wave
at -0.35 V which shifted gradually to a more negative value. The anodic wave also shifted
towards a more negative potential. Anodic current started at -0.1 V and peaked at 0.1 V vs.
Ag/AgCl. These anodic signals were attributable to the oxidation of lactose as a result of the
bacterial metabolism, which were missing in the voltammograms for the electrode without
biofilm. The potential shifts were consistent with recent studies reporting that the same electron
transfer bacteria can discharge electrons at more than one redox potential (Wagner et al. 2010).
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Our results are indicative of temporal evolution of biofilm reactions at the anode and shift in
microbial metabolic functions over time.
A CV scan was also conducted after one month operation of BES (electrode surface
area=26 cm2) in situ using the electrolyte solution with meat extract and scan rate of 1 mV/s.
The results showed significant differences. The anodic current started to increase at a potential
of -0.4 V (Figure 4.7). Two distinct anodic peaks were observed at potentials -0.1 V and 0.15 V,
suggesting that there were at least two half reactions. Maximum current were generated at anode
at potential -0.1V vs Ag/AgCl. The reduction peaks were weak (-0.05 V and -0.35 V).

When

compared to anolyte containing meat extract, no significant oxidation peaks were found with the
anolyte without meat extract. Looking more closely, small oxidation and reduction peaks were
present on the CV scan of the anolyte without meat extract. These peaks may have been due to
redox couples on the outer membrane complex (Logan et al. 2006). The working potential for
anode would be hard to determine given the different fermentation product used as organic
sources.
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a.

b.

c.

d.

Figure 4.1 Confocal laser scanning microscopy images of biofilm on graphite felt obtained from
BESs during biomass enrichment (a. Blank, b. 1 day, c. 10 days, d. 30 days)
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Figure 4.2 Scanning electron microphotographs of a biofilm after 30 days of BES operation
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Figure 4.3 Standard curve for Total Bacteria (a), Sulfate Reducing Bacteria (b) and Archaea (c).

Table 4.1 Gene copies of total bacteria, sulfate reducing bacteria and archaea during enrichment.
Day

Total Bacteria (Log10)
1
5
10
30

4.33
4.41
5.56
7.21

SRB (Log10) Archaea (Log10) SRB/TB (%)
3.13
5.52
6
3.24
5.96
7
4.67
7.42
13
6.81
7.56
40

60

450
400
350

-Zimg (Ω/cm2)

300
250
200
Day 0
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Day 1
Day 5

100

Day 10
50

Day 30

0
0

100

200

300

400
Zreal

500

600

700

800

(Ω/cm2)

Figure 4.4 Complex plane plot of the impedance of the whole cell. The electrolyte solution was
the synthetic wastewater made with meat extract (1g/L COD).
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Figure 4.5 The impedance of the BESs before inoculation and after 30 days enrichment, a.
impedance modulus.
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Figure 4.6 a. CV (100 mV/s) of electrode with biofilms developed after two days using Ag/AgCl
as reference electrode and Pt wire as counter electrode. b. CV (100 mV/s) of electrode with
biofilms developed after one week using Ag/AgCl as reference electrode and Pt wire as counter
electrode. Electrolyte was 0.05 M NaCl with lactose.
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Figure 4.7 a. CV (1 mV/s) of electrode (anode) with biofilms developed after one month using
Ag/AgCl as reference electrode and cathode as counter electrode. Electrolyte was 0.05 M NaCl
with/without meat extract. b. Enlarge of the CV scan for electrolyte without meat extract.
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4.2 Electrolysis tests on H2O2 production:
The electrolysis tests were conducted to find the reduction potential of oxygen on our
graphite felt electrode. No detectable H2O2 levels were obtained during experiments with
platinum coated graphite felt electrodes. The results suggest that H2O2 decomposition occurred
in the presence of platinum. Thus, the remaining study focused on graphite felt without a
platinum coating.
A cyclic voltammogram for the graphite felt electrode material shows that cathodic
current starts to increase at a potential of -0.4 V and a current peak appears around -0.7 V,
indicating the potential range of ORR occurring on the graphite felt (Figure 4.8). A series of
potentials between -0.2 V and -0.9 V were selected for the electrolysis experiments to determine
the optimal condition for the 2-electron ORR. Production of H2O2 was undetectable with a
potential more positive than -0.3 V. Its production increased with decreasing applied potential
and reached a maximum at -0.5 V (Table 4.2), followed by a decreasing yield beyond -0.5 V and
nearly zero production of H2O2 at -0.86 V. Current density increased with decreasing potential,
which implies more electrons were transferred and O2 was more likely to be reduced to H2O than
H2O2.
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Figure 4.8 Cyclic voltammogram from 0.7 V to -1.0 V on a graphite felt electrode (8cm2); solid
line: NaCl electrolyte solution (0.05 M, buffered, pH7) saturated with air. Dotted line: NaCl
electrolyte solution (0.05M, buffered) saturated with nitrogen.

Table 4.2 H2O2 concentration in electrolysis test under different potentials for 12 hours (buffered
solution, pH=7).
Applied Potential (V)
H2O2 (mg/L)
Current density (mA/cm2)

-0.3
4.6
0.03

-0.4
16.5
0.05
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-0.6
23.0
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Figure 4.9 H2O2 concentrations in an electrolyte solution (NaCl, 0.05 M) under an applied
potential of -0.5 V with buffer (a), and -0.42 V without buffer (b)
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Two favorable conditions for H2O2 production were selected to quantify the 2-electron
ORR reaction kinetics: pH buffered solution (pH = 7.0, 1 M) at applied potential -0.5 V and
unbuffered catholyte at -0.42 V (Figure 4.5). Hydrogen peroxide concentration increased fairly
linearly with time in the buffered catholyte during the first 18 hours before the pH began to
change significantly. At 20 hours, the pH increased to 9.6 (Figure 4.9a). With the non-buffered
catholyte, H2O2 concentration increases linearly with time during the first 10 hours, followed by
a sharp decrease from 30 to 17 mg/L and continued slow decline for the remaining time period.
The value of pH increases from 6.5 initially to 10.1 after 30 mins and to 11.9 at the end of 12
hours. The varying pH has a significant impact on the H2O2 production as H2O2 was reported to
be relatively stable at pH < 9, and decomposed markedly with pHs above 9 (Qiang et al., 2002).
These results suggested that H2O2 decomposition rate exceeds its production rate as the pH
reaches 12 given the BES settings in this study. Maximum H2O2 concentration reached 42 mg/L
after 18 hours with the buffered solution and 31 mg/L after 10 hours with the non-buffered
solution. The average current density was 0.1 mA/cm2 for the buffered solution and 0.15
mA/cm2 for the solution without buffer. The low current density was presumably associated
with low oxygen concentration (assume to be 0.4 mM in air-saturated aqueous solution). For
both buffered and non-buffered catholytes, the electric current exhibited a sharp decrease (-0.1~0.2 mA/cm2) in the first few minutes and then levels off to a steady state value (Figure 4.10 a, b).
However, an increase in current profile over a longer time period indicated a possible increase in
O2 concentration from the decomposition of H2O2 into O2.

A more rapid increase in current

profile for the non-buffered solution may be an indication of faster decomposition at higher pHs
(Figure 4.10 c, d).
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Figure 4.10 Current profiles measured in the CPC experiments a), b) at -0.5V (pH=7), c), d) at 0.42V.
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4.3 BES for simultaneous COD removal and H2O2 production:
Open circuit voltages of the BES were between the values of 0.4 V~0.5 V (±0.05V)
during normal operation (i.e., no potential control). There were slight variations over time. The
fluctuation of the OCVs may be due to the change in bacteria composition. The change of OCV
was more noticeable after controlled potential experiments (Figure 4.11).
4.3.1 COD and sulfate removal

COD/Sulfate removal experiments were conducted after BES was fully inoculated for at
least 30days. A range of COD/sulfate ratios in the anolyte was tested in 5-day recirculation
experiments with the cathode operated in a batch mode. The anode and cathode are shorted
through a data acquisition system (Keithley 2701, Keithley Instruments Inc., Cleverland, USA).
The results indicated that there seemed to be a positive correlation between sulfate removal
efficiency and COD/SO42- ratio (Figure 4.12). Table 4.3 shows the COD and sulfate removal
efficiencies for different COD levels. Within the tested range of COD/sulfate ratios, higher
COD/sulfate ratio resulted in higher sulfate removal percentage given the same COD level.
Under same COD/sulfate ratio, a higher COD level also resulted in higher sulfate removal
percentage. This suggested that the additional food source contributed to sulfate reduction. It
was reported that increase in COD/SO42- ratio from 0.67 to 2.5 resulted in an increase of sulfate
removal rate (Mizuno et al, 1994, O’Reilly and Colleran, 2006, and Piña-Salazar et al, 2011).
Nevertheless, further increase in COD/SO42- ratio could result in lower sulfate reduction in that
the additional substrate may enhance methanogens and other species due to availability of food
(Mizuno et al, 1994, O’Reilly and Colleran, 2006). COD/sulfate ratio around 2 (±0.5) was
subsequently selected for the BES experiments to maximize COD and sulfate removal. During
70

eight repeated experiments with 5-day recirculation of an anolyte with COD/sulfate ratio 2±0.5,
removal efficiency was greater than 50% for both COD and sulfate with some fluctuations. The
highest COD and sulfate removal was 94% and 93%, respectively (Table 4.4). A flow through
operation (COD/sulfate ratio=1.6) resulted in approximately 50% of COD and 20% of sulfate
removals with an anolyte hydraulic retention time of 1 day.
Sulfide concentrations in the collected samples from anode chamber were usually in the
range of 0.5 mg/L to 1 mg/L. A concentration of ~40 mg/L was measured using a gas detector
device (Biosystems PHD6, Honeywell International Inc.).

Hydrogen sulfide emission is a

drawback from using this kind of device to treat sulfate containing wastewater. Also chemical
precipitation of sulfur compounds was found on the graphite electrode as well as collected from
filtering the aqueous samples (Figure 4.13, Figure 4.14). The precipitates on the anode electrode
surface showed a large aggregation lump in SEM images for S compounds. XPS analysis on the
precipitation collected by filtering the treated anolyte during a potential control experiment (-0.2
V) also identified sulfur as present (Figure 4.13). There were at list two forms of sulfur in the
precipitation. A peak was found at binding energy of 161eV and another at binding energy of
163eV. One of the possible forms was elemental S with a binding energy around 161~163eV.
The results suggest re-oxidation of sulfide into sulfur, however further investigation is needed.
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Figure 4.11 Open circuit voltage with and without potential control.
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Figure 4.12 Sulfate and COD removal efficiencies under different COD/sulfate ratios after 5
days of recirculation operation of BES at short circuit.
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Table 4.3 COD and sulfate removal under different COD levels
COD (g/L)
Sulfate (g/L)
COD/sulfate ratio
3 day COD removal (%)
3 day Sulfate removal (%)
COD removal rate (mg/L/day)
Sulfate removal rate (mg/L/day)

3
1
3
51
75
633
352

2
0.6
3
47
92
300
194

1
0.3
3
53
45
262
61

2
0.3
6
47
98
362
96

1
0.6
1.6
76
29
237
71

Table 4.4 COD and sulfate removal (calculated from eight repeated experiments with
COD/Sulfate ratio of 2(±0.5).
Average
Highest
Lowest
Average
Highest
Lowest
removal
removal
removal
removal
removal
removal
rate (mg/day)
rate (mg/day) rate
efficiency
efficiency efficiency
(mg/day) (5 days)
(5 days)
(5 days)
Sulfate
COD

358
233

468
362

191
175

74

68%
83%

93%
94%

43%
66%

Figure 4.13 SEM/XRD results for precipitated materials on anode electrode

Figure 4.14 XPS results for the particulate materials collected from the treated anolyte solution
during an anode potential control experiment at -0.2 V.
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Control experiments were conducted with both electrodes without biofilm formation.
After short circuiting the two electrodes, no current was measured. The removal of COD and
sulfate was less than 1%. Thus the current production was due to the exoelectrogens on the
biofilm.
4.3.2 Effects of COD and sulfate on current production

During a flow-through operation with anode and cathode short circuited, the average
current densities for the electrolyte without and with sulfate were 0.093 and 0.058 mA/cm2,
respectively. The average current densities for five-day recirculating operation were 0.146 and
0.110 mA/cm2 without and with sulfate. The current profile for COD/sulfate ratio 3 and COD
level of 3 g/L showed an increasing current density initially during the first day and decreased
gradually until day 4. At day 4, the current density peaked again, followed by a decreasing trend
(Figure 4.15). Similar current density pattern was observed during anode control experiments.
The potential peaks correspond with the current peaks. This may indicate the life cycle of the
exoelectrogens and the development of electro active site on the biofilm. Future studies are
needed to test our hypothesis. This would aid in optimizing future reactor design and operating
conditions such as retention time.
Sulfate reducing bacteria can either use sulfate or anode as the electron acceptor. When
sulfate was present, current output was sacrificed. There was apparently a competition for
electrons between sulfate and the anode electrode (Figure 4.16). Maximum current density was
found to be 0.146 mA/cm2 with COD 3 g/L and no sulfate (Table 4.5).
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Table 4.5 Current density under a range of COD and sulfate concentrations.
COD (g/L)
Sulfate (g/L)
COD/sulfate ratio
Current (mA/cm2)

3
0

3
1
3
0.110

0.146

2
0.6
3
0.140

1
0.3
3
0.130

2
0.3
6
0.143

1
0.6
1.6
0.080

Day
-0.20

0.25

0

2

4

6

8

-0.22
E vs Ag/AgCl (V)

I (mA/cm2)

0.20
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-0.28

-0.30
-0.32

0.00
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4
Day

6

8

-0.34

Figure 4.15 Current and anode potential profile for BES under COD/sulfate ratio 3 and COD 3
g/L (OCV= 0V).

77

Sulfate removal efficiency (%)

100
95
90
85
80
75
70
65
60
0.00

1.00

2.00

3.00

4.00

Current (mA)

Figure 4.16. The relation between sulfate removal efficiency and average current under
COD/sulfate ratio = 3, and COD = 3 g/L, in a recirculation operation for 5 days

4.3.4 Hydrogen peroxide production

During a recirculation operation, the highest H2O2 production rates with a pH-buffered
(pH=7) solution were 70 and 30 mg/L/day when fed with artificial wastewater without and with
sulfate, respectively. The H2O2 production rates fluctuated during five day operation. In order to
avoid fluctuations of current densities and be comparable to typical wastewater COD level, lower
COD/sulfate ratios and flow through operation of anolyte were adopted. The average H2O2
production rates with pH buffered solution are 20 mg/L/day when fed with the artificial
wastewater without sulfate and 12 mg/L/day with sulfate. Non-buffered catholyte yields <10
mg/L of H2O2 for both cases regarding sulfate. The pH increased from around 7 to 12 with the
non-buffered catholyte. For buffered catholyte, there was a slight increase in pH, from 6.89 to
7.71.
The production of the hydrogen peroxide was low in our BESs. One of the causes was
low current density. Current densities of BESs have been reported in the range 0.032-1.2
mA/cm2, more often in the lower range (Chaudhuri and Lovley 2003, Schröder et al. 2003, Liu
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and Logan 2004, Min and Logan 2004). The highest current density obtained in this study was
0.146 mA/cm2 with a relatively high COD concentration (3 g/L) than what is typically found in
municipal wastewaters (0.25 to 1 g/L). The presence of sulfate in the anolyte sacrificed the
current production. For any practical applications of BESs for wastewater treatment, strategies
are needed to overcome this drawback. Increasing the electrode surface is one approach. With a
large electrode surface area (817~2720 m2m-3, 390 ml), the highest current achieved by Rabaey
et al. (2005) in their system using granular eletrodes was 32 mA. By using a brush type
electrode, the current density was reported to 0.83 mA/cm2 by Logan et al. (2007). Multiple
electrodes may be a solution, which warrants further tests.
Exoelectrogenic electron transfer in the anode is a regulating factor for BES performance.
There is a tradeoff between the energy gain for the microorganisms and electric energy output of
BESs. The energy gain for microorganisms allows the maintenance of the bacterial vitality and
is often the driving force for the organisms to follow certain electron transfer mechanisms.
However larger biological energy is needed for stronger cell growth, thus electric energy output
may become minute. As a consequence, suitable metabolic and electron transfer paths have to
be found that, at the same time, allow sustainable BES operation and maximum electric energy
output. Nevertheless, the different terminal respiratory proteins and different pathways used by
bacteria for electron transfer would result in much different performance in terms of power
production of BESs.
Reaction potential is another factor that regulates product yield. The potential of the
cathode of the working BESs in our study ranged between -0.25 and -0.35 V when the cell was
short circuited (Figure 4.15), which significantly deviated from the optimal potential of ~-0.5 V
identified in the electrolysis tests. One of the critical factors controlling the BES system is the
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electrode material that dictates the optimal electrode potential. The right combination needs to
be discovered to maximize the production of H2O2. Under the minimum resistance scenario in
our case, after the biofilm was well established in the BES, microbial reactions were likely to
regulate the electrode potentials. For example, with an acetate-oxidizing anode, the potential is
around -0.296V vs SHE (Logan et al., 2006). Electrodes should be selected to allow ORR in that
potential range. A challenge in future study would be developing new materials, which favor
hydrogen peroxide production over water production.

The catholyte pH also controls the

reaction potential. The optimal potential varies for solutions with and without pH buffer. As the
pH of the electrolyte rises, the formal potential for the reduction of oxygen to hydrogen peroxide
shifts to a more negative value. Consequently, the rate of oxygen reduction and the current
efficiency for peroxide production change during the electrolysis in non-buffered electrolyte. A
solution without buffer yielded a lower H2O2 production than a solution with pH buffer in this
BES.
4.4 Controlled potential experiments
4.4.1 Anode control experiment

4.4.1.1 Effects of anode potential control on COD and sulfate removal
In anode control experiments, the anode was used as a working electrode and the cathode
as a counter electrode, while the Ag/AgCl reference electrode in the anode compartment served
as a reference electrode. The anolyte containing meat extract was recirculated for three days.
Two potentials were selected to study their effects on COD and sulfate removal for different
COD concentrations and COD/sulfate ratios. With anode potential controlled at -0.5 V vs
Ag/AgCl, cathodic current was observed, indicating that electrons flowed from the potentiostat
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to the anode to drive reduction reaction which was the sulfate reduction in this study. Under this
condition, the potentiostat pulled electrons from the cathode where oxidation took place. When
anode potential was controlled at -0.3 V vs Ag/AgCl, anodic current was observed, indicating
that oxidation took place at the anode.
At the lower COD/sulfate ratio (1.6), the anode potential controls did not provide
significant benefits in terms of COD removal compared to the result without the anode potential
control. The COD removal efficiency increased with controlled anode potential experiments at
COD/sulfate ratio 3 compared to the experiments without anode control (Table 4.6). For a
complex organic source such as the meat extract, a range of fermentation products may be
generated. For example, reaction potentials for acetate and formate oxidation are -0.48 V and 0.61 (vs. Ag/AgCl) (Logan et al. 2006, Rabeay and Rozendal 2010). A potential of -0.5 V would
favor formate but not favor acetate.
For all the tested COD/sulfate ratios, sulfate removal efficiency was higher when
potential was controlled at -0.5 V (Table 4.6). In this case, the anode would not function as an
electron acceptor but rather as an electron donor for sulfate reduction. Applying a more negative
potential to the anode would create a more reducing environment, which further favor the sulfate
reduction reaction. Sulfate reduction also increased with COD/sulfate ratio, a similar trend as the
results for experiments without anode potential control (Table 4.6). For anode potential
controlled at -0.3 V, sulfate removals were all higher than those for the experiments without the
anode control.
Overall, anode potential at -0.5 V is not desirable for it results in a cathodic current and
would draw electrons away from the cathode and prohibit H2O2 production. Controlling the
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anode at -0.3 V results in enhanced COD removal and anodic current. Thus, the anode potential
control could provide the benefit of better wastewater treatment compared to the results without
the anode control.
Table 4.6 COD and sulfate removal with and without anode potential control for three days
-0.5 V
COD/(COD/sulfate ratio) 1/1.6

-0.3 V No control(-0.35V)

vs Ag/AgCl

vs Ag/AgCl Vs Ag/AgCl

cathodic current

anodic current

Current (mA/cm2)

0.003

0.02

0.15

COD removal (%)

71

76

76

Sulfate removal (%)

75

66

29

COD/(COD/sulfate ratio) 1/3

-0.5 V

-0.3 V

cathodic current

No control(-0.35V)

anodic current

Current (mA/cm2)

0.005

COD removal (%)

81

75

53

Sulfate removal (%)

98

73

45

COD/(COD/sulfate ratio) 2/3

0.03 0.10

-0.5 V

-0.3 V

vs Ag/AgCl

Vs Ag/AgCl

No control(-0.35V)

cathodic current

anodic current

Current (mA/cm2)

0.003

0.05

0.14

COD removal (%)

60

70

47

Sulfate removal (%)

99

94

92
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4.4.1.2 Effects of anode potential control on hydrogen peroxide production
A series of anode potentials were also examined to investigate their effects on H2O2
production in cathode. During this operation, lactose was used as a food source to avoid
complexity. Detection of hydrogen peroxide started at anode potential -0.35 V and above (more
positive). The production rate increased to 16~20 mg/L/day when the anode potential was
increased to -0.2 V (Table 4.7). The production rate remained the same while the potential was
increased to -0.1 V. The current of all three controlled potentials experienced an increase
initially during the first day of operation, and then decreased afterwards. The increase of current
suggests biofilm community shifted to adapt to the controlled potential (Wager et al. 2010). The
decrease of current density may be due to the tradeoff between the energy gain for the
microorganisms and electric energy output for BES. Controlled potential promotes the growth of
biofilm which more energy would be used for microorganisms themselves than transferring
electrons to an outside acceptor. Another reason may be the biomass accumulation at the surface
of electrode. None conductive biomass density increase would hinder electron transfer to the
electrode surface as well (Wei et al. 2010).
The best performance of BESs was observed at potential control of -0.1 V (highest
current density, high COD and sulfate removal rate, detection of hydrogen peroxide production),
indicating this anode potential favor the organics oxidation in the anode and electron flow from
the anode to cathode for H2O2 production. Wang et al. (2009) illustrated the driving forces in
BESs, which is useful for interpreting the results (Figure 4.17). They assignedΔE1 as the
voltage that here indicates the driving force of organic oxidation, ΔE2 as the potential energy for
electron transfer from bacteria to anode electrode and ΔE3 as the energy output. They argued
that ΔE2 does not change in a wide range due to bacterial self-regulation strategy. Increasing
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anode potential while ΔE2 remaining the same would increase ΔE1 , which would lead to
increase of organics oxidation and thus current production. An increase in current production is
observed with potential control increase from -0.2 V to -0.1 V in our study (Figure 4.17).
When compared to experiments without potential control, there was no significant
increase in hydrogen peroxide production. For the cathode to serve as counter electrode, its
potential will accommodate to satisfy the need to maintain constant potential of the anode vs the
reference electrode. The cathode potential may change through time and have adverse impact on
hydrogen peroxide production. Another noticeable fact is that current density did not increase
significantly from experiments without potential control. Also, the increase of potential did not
increase the current density effectively which may indicate that organic oxidation by bacteria is
limiting the electrons availability.
To test for longer-term effects, the anode potential was maintained at -0.35 V for two
weeks. During the test, the BES was fed with the fuel continuously with a retention time of ~1
day in the anode. The current experienced an increase on the first day and every four days.
After the initial increase every four days, the current decreased to a lower level (Figure 4.19a,b).
The causes of this phenomenon are uncertain at this point.
Optimal anode potentials, defined for better BES performances with high current
densities and more rapid start-up times are different for each individual BES (Wanger et al 2006).
Known exoelectrogens are widely dispersed among many different genera, and factors that can
affect an optimal anode potential are diverse, for example: differing redox potentials of the
various cytochromes; different mechanisms for transferring electrons from the cells to the anode;
and variability in the effectiveness of electron transfer from cells to different anodes materials.
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In our case, a more positive anode potential yield higher current density and higher hydrogen
peroxide production. In theory, in order for the processes of transferring electrons from the
biofilm to the anode being thermodynamically favorable, the anode must have a higher (more
positive) potential than either the terminal protein in the cell’s electron transport chain or the
mediator that is used. However there are several papers showing better BES performance with
lower anode potential (Lovely et al. 2008).

Figure 4.17 Diagram of potential drops in a BES (Reprinted from Wang et al. 2009)
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Table 4.7 Hydrogen peroxide production and COD/sulfate removal at different controlled anode
potentials (a: anodic current, c: cathodic current)
Anode Potential (V)

-0.35

-0.2

-0.2

-0.1

Current (mA/cm2)

0.1(a)

0.15(a)

0.17(a)

0.2(a)

COD concentration (g/L)

1

2

1

2

COD/sulfate ratio

20

3

1.6

3

Sulfate reduction in three day (%)

68

98

61

99

COD reduction in three day (%)

80

43

66

75

Anode pH (before/after)

7.0/6.8

7.1/6.7

7.3/6.4

7.1/6.4

Cathode H2O2 (mg/L)

Low

16

20

20

Cathode pH (before/after)

6.8/10.9

6.8/9.2 6.8/10.0

6.8/10.2

Figure 4.18 Current density profiles for anode control experiments at -0.1 V and -0.2 V on the
first day (anodic current).
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Figure 4.19a Current profiles for anode control experiment at -0.35 V for two weeks (anodic
current).
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Figure 4.19b Current profiles for anode control experiment at -0.35 V for two weeks (anodic
current).
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4.4.2 Cell Control experiments
In whole cell control experiments, the working electrode was the cathode and the counter
electrode was the anode. The CV analysis (Figure 4.20) shows that cathodic current started at
0.3 V and increased further with decreasing voltage, indicating that in order for reduction of
oxygen to occur, the cell voltage needs to be more negative than 0.3 V. Voltages 0.1 V and 0.3
V were selected to study the performance of BES. The current density was low during operation
and no hydrogen peroxide production was detected. Lower potentials (-0.6 V to -2.0 V) were
then selected to test for hydrogen peroxide production for 1 hour. Only at voltage as negative as
-2.0 V was hydrogen peroxide detected in the cathode chamber. Compared to anode potential
control experiments, cell voltage control was not successful for H2O2 production. Due to a
construction design flaw, the cathode and anode are further apart than the anode and the
reference electrode, the overpotential between cathode and anode is greater than anode and the
reference electrode thus more energy would be needed to overcome the losses.
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Figure 4.20 Cyclic voltammogram of the BES from 0.5 V to -0.8 V with the cathode as the
working electrode and anode as the counter and reference electrode. Electrolyte solution was
0.05 M NaCl with lactose.

4.5 Electrochemical losses

The resistance of a single electrode without biofilm used in our BES was measured to be
0.11 Ω/cm2 by scanning voltage from 0.04 V to -0.04 V while hooking the graphite felt electrode
with a working sensor at one end and counter at the other end using the potentiostat (Gamry 300).
Electrochemical impedance spectroscopy (EIS) measurements of the whole cell at open circuit
voltage yielded an average ohmic resistance (Rohm) of an average of 0.85 Ω/cm2 (high frequency,
Figure 4.21) with a cation exchange membrane and 0.2 Ω/cm2 without the membrane (Figure
4.22). There are slight differences between each measurement of ohmic resistance due to
connection and reassembly of the cells. This ohmic resistance was comparable with the values in
other studies (You et al. 2007).
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The EIS showed a charge-transfer resistance of 2.77 Ω/cm2 (first arc) with no potential
control (Figure 4.20) and decreased to 1.15 Ω/cm2 with potential control at -0.35 V. This can be
attributed to increased sulfate reducing bacterial population, which enhanced electric
conductivity of the biofilm and contribute to the decrease of charging transfer resistance. The
nearly linear rise of plot at lower frequencies was probably due to diffusion effects. More than
60% of the internal resistance of this system was due to diffusion effects, and possibly the
percentage was higher. The shape of the anode impedance plot is difficult to interpret (Figure
4.20).
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No potential
control

1.5

Zimg (Ω/cm2)

Zimg (Ω/cm2)

3

Potential
control @ 0.35V

1
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2
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0

0
0

2

4
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Figure 4.21 Impedance measurement of BES with membrane (a: complex plane plot for the
whole cell at different potential condition. b: complex plan plot of anode with respect to the
reference electrode at potential control -0.35 V)
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Figure 4.22 Impedance measurements of the BES without a membrane.

EIS results showed the presence of a high internal resistance of our BES. The ohmic
resistance was ~20 ohms in our case. Factors and processes that may contribute to the high
resistance are discussed below. One reason for the high resistance was the low ionic strength of
the electrolyte solution. In addition, the resistance of the ion exchange membrane also exhibits a
strong dependence on electrolyte pH and concentration (Logan et al. 2006). Increasing the
concentration of electrolyte can help alleviate the problem. However there is a tolerance range
of metal ions for bacteria to survive. Yet, using highly concentrated electrolyte solutions would
increase the cost of operating the BES. The charge transfer resistance was as high as 72 Ω. The
reaction kinetics seemed to be slow in both anode and cathode chamber. It is well know that a
high activation energy is needed for the ORR.

A more reactive redox couple,

ferricyanide/ferrocyanide, was reported to give a higher current density of 0.2 mA/cm2 (COD = 1
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g/L). Decreasing anode and cathode spacing would be another solution. Careful cell design is
needed in future for better performance.
A large part of the device resistance may cause by the diffusion limitation, which
includes the rate of biocatalytic substrate conversion, rate of substrate and oxidant transport, rate
of electron transport from cell in the bacteria biofilm to the electrode, and rate of proton transport.
For a multilayer structural like ours, long-range electron transfer through anode biofilm are
expected. Lovely at al. 2008 proposed a four step electron transfer pathway which includes
organic oxidation, internal electron transfer within bacteria cell, intracellular electron transfer
and finally heterogeneous electron transfer from biofilm to electrode surface. Each process will
contribute to the internal resistance of the cell. It is clear that current density is proportional to
the substrate-utilization rate (Lee et al. 2009). A hospitable environment is needed to optimize
the growth rate of the bacteria. However, the bacteria on the biofilm compete for a living on the
biofilm, a factor which would affect fermentation product, outer membrane cytochrome number,
and population of electroactive bacteria. Moreover, a substrate-concentration gradient exists
inside the biofilm because the substrate must diffuse into the biofilm on the anode. It is
commonly accepted that large current density can be obtained only with formation of a thick
anode-respiring bacteria biofilm on the anode of approximately several dozen micrometers (Lee
et al. 2009); however thick biomass production will have adverse effect on electron transfer for it
might block the pathway (Wei et al. 2010). Decreasing anode pH and an increasing cathode pH
was observed in our BESs. In a functional BES, electron neutrality is sustained mainly by
transport of cations other than protons through the membrane, because these other cations are
more dominantly present. Buffers can compensate for lack of proton transport, but this
compensation, however, can be only temporary (Rozendal at al. 2006). The solubility of oxygen
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in water is low and using air as source further scarifies the transport of oxygen to the electrode.
Fu et al. (2008) was able to reach a higher current density and hydrogen peroxide production
using pure oxygen supply.

4.6 Biofilm characterization
4.6.1 Bacteria community on the biofilm

Subsequent cloning and sequencing of the bacterial community were done with the
sample obtained from the surface of the anode electrode. The sequences from the 16S rRNA
gene clone library (total of 17 clones) were related to three different phyla (Table 4.9). The
majority (59%) of the clones clustered were within Proteobacteria, and 18% of the clones were
phylogenetically related to Firmicutes (three clones). Four clones (23%) were classified as
uncultured bacteria.
Within the proteobacteria, 70% (7 clones) belonged to the subclass of the
Deltaproteobacteria. Three clones showed 99% identity to the species Desulfovibrio.
Desulfovibrio is a genus of Gram negative sulfate reducing bacteria. Desulfovibrio species are
commonly found in aquatic environments with high levels of organic material and known
as aerotolerant (Martinko 2005). Desulfovibrio intestinalis strain KMS2 respires hydrogen and
different low molecular weight organic compounds such as formate, pyruvate, lactate, ethanol,
fumarate, malate, succinate, alanine in the presence of sulfate, thiosulfate, and sulfite (Frӧhlich et
al 1999). For desulfovibrio sp. BL-157 strain, lactate, formate, hydrogen, ethanol, propanol,
fumarate and succinate are oxidized with sulfate reduction (Bowman et al 2006). Two clones
showed 99% indentity to the species Desulfobulbus. Desulfobulbus propionicus is a species
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of sulfate reducing bacteria that decomposes fatty acids (Pagani et al 2013). One clone showed
99% indentity to Desulforhabdus. Desulforhabdus amnigenus was isolated from granular sludge
of an upflow anaerobic sludge bed (UASB) reactor. The bacterium grew on a range of organic
acids, such as acetate, propionate, and butyrate, and on alcohols (Stefanie et al .1995). One clone
showed only 95% indentity to known gene. One of the candidates Desulfobacteraceae
reduces sulfates to sulfides to obtain energy and is strictly anaerobe (Garrity et al 2005). The
other Desulfatirhabdium sp. is a novel sulfate reducing bacterium isolated from an upflow
anaerobic sludge blanket (UASB) reactor (Balk et al. 2008).
One of the clones is 99% identity to a sulfide oxidizer Thiobacillus denitrificans.
Thiobacillus denitrificans grows as a facultative anaerobic chemolithotroph, coupling the
oxidation of inorganic sulfur compounds to the reduction of oxidized nitrogen compounds (such
as nitrate, nitrite) to nitrogen. This species is widely found in soil, mud, freshwater- and marine
sediments, sewage and industrial waste-treatment ponds and digestion tanks which are under
anoxic conditions (Wood, 2000). The presence of this kind of bacteria may explain the
fluctuation in sulfate removal rate. Another denitrifier is found in the system Alicycliphilus
denitrificans. It is a gram-negative, motile, and non-spore-forming facultative anaerobe.
Alicycliphilus denitrificans can degrade hydrocarbons as a carbon source. Alicycliphilus
denitrificans can have denitrifying or chlorate-reducing effects to its environments. These
bacteria are often isolated from wastewater treatment plants (Okunishi et al 2012).
One clone is 99% identity to a fermentative bacteria Clostridium sticklandii. Clostridium
sticklandii is an anaerobic, motile, gram-positive bacterium which ferments amino acids by
coupling the oxidation of one amino acid and the reduction of another (Nisman, 1954).
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For the uncultured identified bacteria, they are all found in anaerobic wastewater
treatment systems. Uncultured bacterium clone VHW_F_L 699 was found in a two-Stage
digester (Dai et al. 1999). Uncultured bacterium clone BP5-14

was found in an upflow

anaerobic sludge blanket reactor treating pharmaceutical wastewater (Chen et al. 2005).
All of the identified clones are all either facultative anaerobes or strictly anaerobes which
indicate an anaerobic condition in our BESs.
Table 4.8 Clone 16s rRNA indentification
Clone number

Class

GenBank closest match

Identity %

1 Betaproteobacteria

Thiobacillus denitrificans ATCC 25259 strain
ATCC 25259

99

2 Epsilonproteobacteria

Arcobacter cryaerophilus isolate CCUG 17802

99

Arcobacter cryaerophilus strain A 169/B

99

Arcobacter sp. canine oral taxon 276 clone
ZJ016

99

Alicycliphilus denitrificans strain C11

99

Alicycliphilus sp. R-24604

99

Alicycliphilus denitrificans K601

99

Uncultured Desulfobacteraceae bacterium
clone PM5_2.7-23

95

Uncultured Desulfatirhabdium sp. clone Df12

95

Clostridium sticklandii str. DSM 519

99

Desulfovibrio sp. Mlhm

97

Desulfovibrio sp. BL-157

97

Desulfobulbus propionicus DSM 2032 strain
DSM 2032

98

Desulfobulbus sp. RPf35L17

98

Desulforhabdus sp. DDT

99

3 Betaproteobacteria

5 Deltaproteobacteria

6 Firmicutes
14 Deltaproteobacteria

13 Deltaproteobacteria

12 Deltaproteobacteria

96

Desulforhabdus amnigena

97

11 Firmicutes

Sedimentibacter hongkongensis strain KI

98

10 Deltaproteobacteria

Uncultured Desulfovibrio sp. clone
MFC63H04

100

Desulfovibrio intestinalis strain KMS2

99

9 Firmicutes

Succinispira mobilis strain 19gly1

99

8 Deltaproteobacteria

Desulfovibrio sp. BL-157

97

Desulfovibrio sp. Mlhm

97

Uncultured bacterium clone VHW_F_L6

99

33

Uncultured bacterium clone BP5-11

99

43 Deltaproteobacteria

Desulfobulbus elongatus strain FP

99

28

Uncultured anaerobic bacterium clone A-2BV

99

29

Uncultured bacterium clone BP5-14

99

7

Table 4.9 Distribution and abundance of 16 S rRNA gene sequences in the biofilm clone library
within the different phyla
Phylum

% of total (17 clones)

Proteobacteria

59
Deltaproteobacteria

70

Betaproteobacteria

20

Epsilonproteobacteria

10

Sum

100

Firmicutes

18

Unclassified bacteria

23

Sum

100
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4.6.2 Bacterial population of the biofilm
The presence of sulfate reducing bacteria indicates a success development of biofilm with
electron transfer ability. The population of sulfate reducing bacteria with respect to total bacteria
is studied. Table 4.6.3 shows the gene copies of the bacteria community on the biofilm. When
BES was operated under no potential control condition at the beginning of the experiments, the
percentage of sulfate reducing bacteria was around 38%. When poised with a control potential at
anode, the percentage of sulfate reducing bacteria increased significantly. After controlling for
40 days under different potential, the community of the biofilm was covered mostly by sulfate
reducing bacteria. Once the poised anode potential stopped and the BES return to short circuit
operation condition, the percentage of sulfate reducing bacteria started to decrease. Researchers
have shown controlled growth of electroactive bacteria with fixed potential at anode (Katuri et al
2010, Wei et al 2010). Both researchers concluded that an increased current density with biofilm
developed under controlled potential condition. Katuri et al (2010) argued that the observed
increase in biofilm current density with applied potential may be due to enhanced adhesion
which may be due to the increasing charge on the polarised electrode surfaces resulting in a
higher rate of electron transfer and thus an increased rate of metabolic growth of the bacteria to
form thicker films. Wei et al (2010) indicated that at anode potential of 0 mV and below, G.
sulfurreducens extracted a significant portion of possible metabolic energy gain for growth.
Torres et al. (2009) demonstrated similar results to our observations; at low anode potentials,
clone libraries showed a strong selection (92−99% of total clones) of an anode respiring bacteria
that is 97% similar to G. sulfurreducens and at the high anode potential, the community was
more diverse. However, for the same Geobacter sp. speices several groups found different favor
anode potentials (Busalmen et al. 2008, Finkelstein et al.2006). The authors argue that bacteria
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community regulates their respiratory processes in response to anode potential. The selection of
bacteria community is based on the EET mechanism. An SEM image (Figure 4.2) showed
possible pili structure which was also indicated by Eaktasang et al. 2013 for sulfate reducing
bacteria. However, it is uncertain if single pathway or multiple pathways are used by one type of
microorganisms (Rabaey 2010).
Table 4.10 Gene copies of Total bacteria, sulfate reducing bacteria and archaea under different
anode potential control condition

Potential
control

Sulfate reducing bacteria
(Log10)

Total Bacteria
(Log10)

Archae
a
(Log10)

SRB/T
B

no control

6.25

6.66

6.58

0.38

-0.55

6.18

6.40

7.12

0.59

-0.45

6.53

6.56

6.66

0.94

-0.35

6.71

6.76

7.30

0.89

-0.75

6.58

6.55

7.02

1.08

-0.45

6.85

6.88

7.93

0.92

no control

5.97

6.06

6.65

0.80

no control

5.95

6.08

6.89

0.75

-0.6

6.25

6.23

8.63

1.04

5. Conclusions

The performance of using BES to achieve multiple objectives of wastewater treatment
and chemical production is investigated in this study. Natural inoculation source combining acid
mine drainage and wastewater sludge were used to establish electron conductive biofilm.
99

Biofilm communities, potential exoelectrogenes and the relationship of biofilm with BES
performance were identified. Moreover, the presence of sulfate in wastewater was taken into
consideration to explore the potential of combine treatment of acid mine drainage and municipal
wastewater. Potential control experiments were conducted to seek the prospective of improving
BES performance on current production and pollutant removal. The main results are
summarized in the following statements:


An electrocondutive biofilm was successfully developed using wastewater and acid mine
drainage as the inoculation source. This biomass was successfully used as a biocatalyst
to achieve the treatment purpose of COD removal and H2O2 production under operating
conditions investigated.



Electrolysis test indicated the optimal potential for hydrogen peroxide production on the
graphite electrode was at -0.5 V (vs Ag/AgCl).



There was a positive correlation between sulfate removal efficiency and COD/sulfate
ratio. The highest removal efficiency (5 days) of 94% was achieved for COD and 93%
for sulfate.



The maximum hydrogen peroxide production was 70 mg/L/day with buffered electrolyte
solution during 5-day recirculation operation.



Sulfate in wastewater competed with anode for electrons, which sacrificed current
production. Hydrogen sulfide production is another potential drawback for using such
system to treat wastewater with sulfate present.



Internal resistances of our BESs were ohmic resistance 0.77 Ω/cm2, charge transfer
resistance 2.77 Ω/cm2 and diffusion resistances were large.



Charge transfer resistances will decrease with increase population of exoelectrongenes.
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Anode potential control could provide operation flexibility in
o Increasing population percentage of sulfate reducing bacteria.
o Better performance in COD and sulfate removal efficiency.
o Decrease of charge transfer resistance (increase population of sulfate
reducing bacteria).
o No effective impact on hydrogen peroxide production.

For design of BESs to satisfy the conditions for effective wastewater treatment along
with meaningful production of H2O2, a balance needs to be found. Using a BES to produce H2O2
for industrial use needs to overcome many problems. The main problem is the low production
yield. The design of our BESs led to a large internal resistance, which slow kinetics and organic
oxidation rate seems to be the main problems. Further investigation will be needed to test our
hypothesis that the rate-limiting step is the biochemical oxidation of the organics by the
microorganisms in the anode chamber. If the hypothesis is tested valid, strategies should be
developed to improve the substrate consumption rate. Anode potential control to increase the
driving force for organics oxidation may be an effective way of enhancing the overall BES
performance. However, the H2O2 production in cathode is likely to put a constraint on how
much the anode potential can be raised. Until now, no study has demonstrated that which type of
biofilm has the highest electron transfer efficiency. The life cycle of the biofilm and the bacteria
community is another noticed phenomenon in our study, which needs further investigation in
order to aid the design of reactor type and parameters. The extent and limit of bacteria selfregulatory ability to shift redox potential is not studied fully. In this study, only three anode
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potentials were studied. A wider range of potentials should be tested to study the effects on the
performance of BESs.
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